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IMPROVED SILICA INSULATION FILM WITH A REDUCED 
DIELECTRIC CONSTANT AND METHOD OF FORMING THE SAME 

BACKGROUND OF THE INVENTION 

The present invention relates to a silica ijisulation film with a 
reduced dielectric constant and a method of fonnidg the same, as well as 
relates to a silica inter-layer insulator with a reduced dielectric constant 
between multi-level interconnections in a semiconductor device and a 
method of fomiing the same, in addition relates to a semiconductor device 
with a multi-level interconnection structure having a silica inter-layer 
insulator with a reduced dielectric constant and a method of fabricating the 
same. 

With an increase in density of intfegraticm of ulfara large scale 
integrated circuit, the feature size of integrated semiconductor devices has 
been reduced to submicron order and also multi-level interconnectibn 
techniques become more important. In order to el<;ctrically isolate the 
different level interconnections, an inter-layer Insulator is provided 
between the different level interconnections. The inter-layer insulator is 
required to possess a high stability at high temperature and a high electrical 
insulation property, in addition a good gap filling property. In prior art, a 
silica film or a silicon dioxide film, a silicon nitride mm_and a phospho- 
siHcate glass film were, for example, used as inter-layer insulators between 
different level interconnections. Those inter-layer hisulators were usually 
formed by various chemical vapor deposition methods. 

In recent years, requirement for a further shrinkage of the feature 
size of integrated semiconductor devices has been on the increase in 
accordance witii design rules of advanced large scale integrated circuits. 
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The further shrinkage of the feature size of integrated semicxinductor 
devices has raised a serious problem with delay in signal transmission on 
interconnections due to a parasitic capacitance between the 
interconnections rather than signal delay of individual devices integrated. 
The improvement in high speed performance of the large scale, integrated 
circuit would be limited by the problem with delay in signal transmission 
on interconnections due to a parasitic capacitance between the 
interconnections even if a considerable shrinkage of the feature size of 
integrated semiconductor devices could be realized. 

In order to realize a further improvement in high speed 
performance of the large scale integrated circuit, it is important to reduce 
the parasitic capacitance between the interconnections as many as possible. 
Since the parasitic capacitance between the interconnections depends upon 
a dielectric constant of the inter-layer insulator. Namely, in order to reduce 
the parasitic capacitance between the interconnections,, it is required to 
reduce the dielectric constant of the inter-layer insulator. The silica film is 
advantageous in matching with LSI processes but is was difficult to largely 
reduce the dielectric constant from £ r=3. 9. 

In 1994 Dry Process Symposium pp. 133.. it is disclosed to have 
proposed introduction of fluorine into a silica film to attempt to reduce the 
dielectric constant. In order to reduce the dielectric constant to about 3.5, it 
is required to add fluorine into the sUica film at several tends percents, 
whereby the silica film exhibits a hygroscopic property and also a 
hydrolysis of fluorine is caused. As a result, fluorine is unstable in the silica 
film. For this reason, it was difficult to reduce the dielectric constant of the 
fluoro-containing silica film to less than about 3.5. 

It is disclosed to have proposed the use of spin coating method to 
deposit a spm-on-glass jSlm. This spin-on-glass film has a problem with 
residual solvent or a residual moisture. 

In Japanese laid-open patent publication No. 8-227888, it is 
disclosed to have proposed to add an alkyl group into the silica film by a 
chemical vapor deposition method. The alkyl group is, however, unstable at 
high temperature. 

In the above circumstances, it had been required to develop a 
novel silica film free from the above problems and a method of forming the 
same. 
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SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to provide a 
novel silica insulation film free from the above problems. 

It is a further object of the present invention to provide a novel 
silica insulation film having a reduced dielectric constant. 

It is a still further object of the present invention to provide a 
novel silica insulation film with a sufficient stability at high temperature. 

It is yet a further object of the present invention to provide a 
novel silica insulation film free of any residual impurity such as moisture. 

It is a further more object of the present invention to provide a 
novel method of forming a silica insulation film fiee from the above 
problems. 

It is still more object of the present invention to provide a novel 
method of forming a silica insulation film having a reduced dielectric 
constant. 

It is moreover object of the present invention to provided nbvel 
method of forming a silica insulation film with a sufficient stabDity at high 
temperature. 

It is another object of the present invention to provide a novel 
method of forming a silica insulation film free of any residual impurity 
such as moisture. 

It is still another object of the present invention to provide a 
semiconductor device having a multi-level interconnection stmcmie with 
an improved silica inter-layer insulator free fiom the above problems. 

It is yet another object of the present invention to provide a 
semiconductor device having a multi-level interconnection structure with 
an improved silica inter-layer insulator having a reduced dielectric 
constant. 

It is further another object of the present invention to provide a 
semiconductor device having a multi-level interconnection stmcture with 
an improved silica inter-layer insulator with a sufficient stability at high 
ten^eratm-e. 

It is an additional object of the present invention to provide a 
semiconductor device having a multi-level interconnection structure with 
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an improved silica inter-layer insulator free of any residual impurity such 
as moisture. 

It is a still additional object of the present invention to provide a 
semiconductor device having a multi-level interconnection structure with 
an improved silica inter-layer insulator which is capable of reducing a 
parasitic capacitance between interconnections, 

It is yet an additional object of the present invention to provide a 
semiconductor device having a multi-level interconnection structure with 
an improved silica inter-layer insulator which is capable of having the 
semiconductor device free from a problem with a substantive delay of 
signal transmissions on interconnections due to a parasitic capacitance 
between the interconnections. 

It is a further additional object of the present invention to provide 
a semiconductor device having a multi-level interconnection structure with 
an improved silica inter-layer insulator which is capable of having the 
semiconductor device free from another problem with a crosstalk between 
the interconnections. 

It is also additional object of the present invention to provide a 
semiconductor device having a multi-level interconnection structure with 
an improved sUica inter-layer insulator which allows the semiconductor 
device to exhibit high speed performances. 

It is also additional object of the present invention to provide a 
semiconductor device having a multi-level interconnection structure with 
an improved silica inter-layer insulator which allows a scaling down of the 
semiconductor device. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection stmcture with an improved silica inter-layer insulator free 
from the above problems. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection structure with an improved silica inter-layer insulator 
having a reduced dielectric constant. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection stmcture with an improved sUica inter-layer insulator with 
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a sufficient stability at high temperature. 

It is also additional object of the present invention to provide a 
method of fonning a semiconductor device having a multi-level 
interconnection structure with an improved silica inter-layer insulator free 
of any residual impurity such as moisture. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection stmcture with an improved sUica inter-layer insulator 
which is capable of reducing a parasitic capacitance between 
interconnections. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection stmcture with an improved sili<:a inter-layer insulator 
which is capable of having the semiconductor device free fcom a problem 
with a substantive delay of signal transmissions on ioAcrconnections due to 
a parasitic capacitance between the interconnections. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a mulii-level 
interconnection structure with an improved silica inter-layer insulator 
which is capable of having the semiconductor device free from another 
problem with a crosstalk between the mterconnections. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection structure with an improved sUica inter-layer insulator 
which allows the semiconductor device to exhibit high speed peif ormances. 

It is also additional object of the present invention to provide a 
method of forming a semiconductor device having a multi-level 
interconnection structure with an improved sUica inter-layer insulator 
which allows a scaling down of the semiconductor device. 

JThe present invention provides an insulator having a main 
component of silicon dioxide, wherein the insulator includes at least one 
kind of organic polymer distributed therein. The distribution of at least one 
kmd of organic polymer in the insulator having a main component of 
silicon dioxide or silica would result in drop of a dielectric constant of the 
insulator. Namely, the insulator having a main component of silicon 
dioxide including organic polymer distributed therein has a lower dielectric 

n Page 5 



Pf-20S3/nec/us/mh 



constant than a dielectric constant of insulator having a main component of 
silicon dioxide free of any organic polymer. The presence of the distributed 
orgamc polymer contributes to prevent formation of Si-O bonding at a high 
density. This results in a certain drop of a density of the insulator having 
the main component of silicon dioxide or the silicon dioxide insulator. The 
drop of the density of the insulator results in a reduction in dielectric 
constant thereof. Further, the introduction of the organic polymer into 
silicon dioxide changes the Si-O bonding in silicon dioxide to other 
bonding structures between silicon and organic polymer. Such change of 
the bonding structure causes a change in state of electrons so that electronic 
polarization is reduced. If electronic polarization is decreased, then the 
dielectric constant is also decreased. For this reason, the introduction of the 
organic polymer into siUcon dioxide causes the decrease in dielectric 
constant of the insulator having the main component of silicon dioxide. 

The above and other objects, features and advantages of the 
present invention will be apparent &om the foUowing descriptions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments according to the present invention will be 
described in detail with reference to the accompanying drawings. 

FIG. 1 is a schematic view iUustrative of a parallel-plate plasma 
chemical vapor deposition system used for forming a silica msulation film 
mcludmg benzene nucleuses distributed herein in accordance with the 
present invention. 

FIG. 2 is a diagram iUustrative of measured infrared absorption 
spectrum of the sUica film over wave number when the silica fihn is 
deposited under conditions of a sUane flow rate of zero and a 

phenyltrimethylsilaue flow rate of 50 seem in accordance with the present 
invention, __ ■ 

FIG. 3 is a schematic view illustrative of a low pressure chemical 
vapor deposition system used in accordance with the present invention. 

FIG. 4 is a fragmentary cross sectional elevation view Olustrative 
of a semiconductor device with a multi-level interconnection structure 
which has a siUca film including benzene nucleuses with a reduced 
dielectric constant in a ninth embodiment in accordance with the present 
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invention. 

FIGS. 5A through 5H are fragmentary cross sectional elevation 
views illustrative of a method of forming a semiconductor device with a 
multi-level interconnection structure >yhich has a silica inter-layer insulator 
including benzene nucleuses with a reduced dielectric constant in a ninth 
embodiment in accordance with the present invention. 

FIG. 6 is a fragmentary cross sectional elevation view illustrative 
of a semiconductor device with a multi-level interconnection structure 
which has a porous silica film with a reduced dielectric constant in a tenth 
embodiment in accordance with the present invention. 

FIGS. 7A through 7H are fragmentary cioss sectional elevation 
views illustrative of a method of forming a semiconductor device with a 
multi-level interconnection structure which has a porous silica film with a 
reduced dielectric constant in a tenth embodiment in accordance with the 
present invention. 

FIG. 8 is a fragmentary cross sectional elevxition view illustrative 
of a semiconductor device with a multi-level interconnection structure 
which has a porous silica film with a reduced di.slectric constant in an 
eleventh embodiment in accordance with the present invention. 

FIGS. 9A through 9H are fragmentary cross sectional elevation 
views iUustrative of another method of fonning a semiconductor device 
with a multi-level interconnection structure which has a porous silica film 
with a reduced dielectric constant in an eleventh embodiment in accordance 
with the present invention. 

DISCLOSURE OF THE INVENTION 

The first present invention provides an insulator having a main 
component of silicon dioxide, wherein the insulator includes at least one 
kind of organic polymer distributed therein. The distribution of at^lcast one 
kind of organic polymer in the insulator having a main component of 
silicon dioxide or silica would result in drop of a dielectric constant of the 
insulator. Namely, the insulator having a main component of silicon 
dioxide including organic polymer distributed therein has a lower dielectric 
constant than a dielectric constant of insulator having a main component of 
siUcon dioxide free of any organic polymer. The presence of the distributed 
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organic polymer contributes to prevent formation of Si-O bonding at a high 
density. This results in a certain drop of a density of the insulator having 
the main component of silicon dioxide or the silicon dioxide insulator. The 
drop of the density of the insulator results in a reduction in dielectric 
constant thereof. Further, the introduction of the organic polymer into 
sUicon dioxide changes the Si-O bonding in silicon dioxide to other 
bonding structures between silicon and organic polymer. Such change of 
the bonding structure causes a change in state of electrons so that electronic 
polarization is reduced. If electronic polarization is decreased, then the 
dielectric constant is also decreased. For this reason, the introduction of the 
organic polymer into silicon dioxide causes the decrease in dielectric 
constant of the insulator having the main component of sUicon dioxide. 

It is preferable that the organic polymer has a bridge structure 
having strong bonding in order to provide a stability at high temperature to 
the insulator. If the insulator having the main component of silicon dioxide 
includes the org^c polymer with the bridge structure having strong 
bonding, then the insulator has a high stability at high temperature and a 
high decomposition resistivity but has a low volatility. This insulator is 
stable. This properties of the high stabiUty at high temperature and the Mgh 
decomposition resistivity but the low volatUity of the insulator allows the 
increase in content of the organic component in the insulator. The increase 
in content of the organic component in the insulator results in further 
reduction in dielectric constant of the insulator having the main component 
of siUcon dioxide with keeping the advantageous and desirable properties 
of the high stabiUty at high temperature and the high decomposition 
resistivity but the low volatility of the insulator. 

It is further preferable that the organic polymer comprises a 
benzene nucleus. The distribution of at least one kind of benzene nucleuses 
in the insulator having a main component of silicon dioxide or silica would 
result in drop of a dielectric constant of the insulator. Namely, the insulator 
having a main component of sUicon dioxide including benzene nucleuses 
disttibuted therein has a lower dielectric constant than a dielectric constant 
of insulator having a main component of silicon dioxide free of any 
benzene nucleuses. The presence of the distributed benzene nucleuses 
contributes to prevent formation of Si-O bonding at a high density. This 
results in a certain drop of a density of the insulator havmg the main 
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component of silicon dioxide or the silicon dioxide insulator. The drop of 
the density of the insulator results in a reduction in dielectric constant 
thereof. Further, the introduction of the benzene nucleuses into silicon 
dioxide changes the Si-O bonding in silicon dioxide to other bonding 
structures between silicon and benzene nucleuses. Such change of the 
bonding structure causes a change in state of electrons so that electronic 
polarization is reduced. If electronic polzu-ization is decreased, then the 
dielectric constant is also decreased. For this reason, the introduction of the 
benzene nucleuses into silicon dioxide causes the decrease in dielectric 
constant of the insulator having the main componeni; of silicon dioxide. The 
benzene nucleuses has a bridge structure having strong bonding in order to 
provide a stability at high temperature to the insulator. If the insulator 
having the main component of silicon dioxide includes the benzene 
nucleuses with the bridge structure having strong bonding, then the 
insulator has a high stability at high temperature and a high decomposition 
resistivity but has a low volatility. This insulator is stable. This properties 
of the high stability at high temperature and the high decomposition 
resistivity but the low volatility of the insulator allows the increase in 
content of the organic component in the insulator. The increase in content 
of the organic component in the insulator results in further reduction in 
dielectric constant of the insulator having the main component of silicon 
dioxide with keeping the advantageous and desirable properties of the high 
stability at high temperature and the high decomposition resistivity but the 
low volatility of the insulator. 

It is furthermore preferable that the benzene nucleus has a 
bonding structure with silicon atoms. This bonding structure may be 
formed by use of phenyltriraethylsDane or phenyltrimethoxysilane as a 
benzene nucleus source in a chemical vapor deposition for forming the 
insulator. 

It is also preferable that the benzene nucleus is free of a bonding 
structure with silicon atoms. This bonding structure may be formed by use 
of an organic substance which has a structure of a single benzene nucleus, 
for example, toluene, benzene and xylene. Alternatively, an organic 
substance having a structure of a pliirality of benzene nucleuses, for 
example, naphthalene, biphenyl and anthracene are also available. 

It is also preferable that the insulator has a carbon content of not 
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higher than 30 at%. 

The second present invention provides an insulator having a main 
component of sOicon dioxide, wherein the insulator includes pores having 
been formed by a removal of at least one kind of organic polymer 
distributed in the insulator. The presence of many pores in the insulator 
having the main component of silicon dioxide results in a further reduction 
of dielectric constant of the insulator, the siUcon dioxide insulator many 
pores distributed therein has a lower dielectric constant than the dielectric 
constant of the silicon dioxide insulator including the organic polymer 
distributed therein. 

It is preferable that the insulator includes pores having been 
formed by a removal of the organic polymer which has a bridge structure 
with strong bonding. The presence of many pores in the insulator having 
the main component of silicon dioxide results in a l^lrthe^ reduction of 
dielectric constant of the insulator. The silicon dioxide insulator many 
pores distributed therein has a lower dielectric conatimt than the dielectric 
constant of the silicon dioxide insulator including the organic polymer 
distributed therein. 

It is further preferable that the insulator includes pores having 
been formed by a removal of benzene nucleuses. The presence of many 
pores in the insulator havmg the main component of silicon dioxide results 
in a further reduction of dielectric constant of the insulator. The silicon 
dioxide insulator many pores distributed therein has a lower dielectric 
constant than the dielectric constant of the silicon dioxide ihsulator - 
mcludihg the organic polymer distributed therein. 

It is furthermore preferable that the insulator includes pores 
having been formed by a removal of benzene nucleuses having a bonding 
structure with silicon atoms. 

It is also preferable that the insulator includes pores having been 
formed by a removal of benzene nucleuses free of a bonding structure with 
silicon atoms. 

It is also preferable that the insulator includes pores having been 
formed by a removal of benzene nucleuses distributed in the insulator at an 
amount corresponding to a carbon content of not higher than 30 at%. 

The third present invention provides an insulation film provided 
in a semiconductor device. The insulation film has a main component of 
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silicon dioxide, wherein the insulation film includes at least one kind of 
organic polymer distributed therein. The distribution of at least one kind of 
organic polymer in the insulation film having a main component of silicon 
dioxide or silica would resuh in drop of a dielectric constant of the 
insulation film. Namely, the insulation film having a main component of 
silicon dioxide including organic polymer distributed therein has a lower 
dielectric constant than a dielectric constant of insulation film having a 
main component of silicon dioxide free of any organic polymer. Th0 
preserice of the distributed organic polymer contributes to prevent 
formation of Si-O bonding at a high density. This results in a certain drop 
of a density of the insulation film having the maLi component of silicon 
dioxide or the silicon dioxide insulation film. The djop of the density of the 
insulation film results in a reduction in dielectric constant thereof. Further, 
the introduction of the organic polymer into silicon dioxide changes the Si- 
O bonding in silicon dioxide to other bonding structures between silicon 
and organic polymer. Such change of the bonding staicture causes a change 
in state of electrons so that electronic polarization is reduced. If eletitronic 
polarization is decreased, then the dielectric constant is also decreased. For 
this reason, the introduction of the organic polymer into silicon dioxide 
causes the decrease in dielectric constant of the insulation fUm having the 
main component of silicon dioxide. 

It is preferable that the organic polymer has a bridge structure 
having strong bonding in order to provide a stability at high temperamre to 
the insulation film. If the insulation fihn having the main component of 
silicon dioxide includes the organic polymer with the bridge structure 
having strong bonding, then the insulation film has a high stability at high 
temperature and a high decomposition resistivity but has a low volatility. 
This insulation film is stable. This properties of the high stability at high 
temperature and the high decomposition resistivity but the low volatility of 
the insuIatipB film allows the increase in content of the organic component_ 
in the insulation film. The increase in content of the organic component in 
the insulation film results in further reduction in dielectric constant of the 
insulation film having the main component of silicon dioxide with keepmg 
the advantageous and desirable properties of the high stability at high 
temperature and the high decomposition resistivity but the low volatiHty of 
the insulation film 
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It is further preferable that the organic polymer comprises a 
benzene nucleus. The distribution of at least one kind of benzene nucleuses- 
in the insulation film having a main component of silicon dioxide or silica 
would result in drop of a dielectric constant of the insulation film. Namely, 
the insulation film having , a main component of silicon dioxide including 
benzene nucleuses distributed therein has a lower dielectric constant than a 
dielectric constant of insulation filni having a main component of silicon 
dioxide free of any benzene nucleuses. The presence of the distributed 
benzene nucleuses contributes to prevent formation of Si-O bondiiig at a. 
high density. This results in a certain drop of a density of the insulation film 
having the main component of silicon dioxide or the silicon dioxide 
insulation film. The drop of the density of the insulation film results in a 
reduction in dielectric constant thereof. Further, the introduction of the 
benzene nucleuses into silicon dioxide changes the Si-O bonding in silicon 
dioxide to other bonding structures between silicon and benzene nucleuses. 
Such change of the bonding structure causes a change in state of electrons 
so that electronic polarization is reduced. If electronic polarization is 
decreased, then the dielectric constant is also decreased. For this reason, the 
introduction of the benzene nucleuses into silicon dioxide causes the 
decrease in dielectric constant of the insulation film having the main 
component of silicon dioxide. The benzene nucleuses has a bridge structure 
having strong bonding in order to provide a stability at high temperature to 
the insulation film. If the insulation film having the main component of 
silicon dioxide includes the benzene nucleuses with the bridge structure 
having strong bonding, then the insulation film has a high stability at high 
temperature and a high decomposition resistivity but has a low volatility. 
This insulation film is stable. This properties of the high stability at high 
temperature and the high decomposition resistivity but the low volatility of 
the insulation filna allows the increase in content of the organic component 
in the insulation film. The increase iojcpntent of the organic component in 
the insulation film results in further reduction in dielectric constant of the 
insulation film having the main component of sUicon dioxide with keeping 
the advantageous and desirable properties of the high stability at high 
temperature and the high decomposition resistivity but the low volatility of 
the insulation film. 

It is furthermore preferable that the benzene nucleus has a 




O 



Page 12 



Pf-2083/ncc/us/inh 



bonding structure with silicon atoms. This bonding structure may be 
formed by use of pheiiyltrimethylsiiane or phenyltrimethoxysilane as a 
benzene nucleus source- in a chemical vapor deposition for forming the 
insulation film. 

It is also preferable that the benzene nucleus is free of a bonding- 
structure with silicon atoms. This bonding structure may be formed by use 
of an organic substance which has a structure of a single benzene nucleus, 
for example, toluene, benzene and xylene. Alternatively, an organic 
substance having a structure of a plurality of benzene nucleuses, for 
example, naphthalene, biphenyl and anthracene are also avaUable. 

It is also preferable that the insulation jSlm has a carbon content 
of not higher than 30 at%. 

The fourth present invention provides an- insulation film provided 
in a semiconductor device. The insulation film has a main component of 
silicon dioxide, wherein the insulation film includes pores having been 
formed by a removal of at least one kind of organic polymer distributed in 
the insulation film. The presence of many pores in the insulation film 
having the main component of sUicon dioxide results in a further reduction 
of dielectric constant of the insulation film. The sili.xm dioxide insulation 
film many pores distributed therein has a lower dielectric constant than the 
dielectric constant of the siUcon dioxide insulation film including the 
organic polymer distributed therein. 

It is preferable that the insulation film includes pores having been 
formed by a removal of the organic polymer which has a bridge structure 
with strong bonding. The presence of many pores in the insulation fibn 
having the main component of silicon dioxide results in a further reduction 
of dielectric constant of the insulation film. The silicon dioxide insulation 
film many pores distributed therein has a lower dielectric constant than the 
dielectric constant of the silicon dioxide insulatiou film including the 
organic polymer distributed therein. 

It is further preferable that the insulation film includes pores 
havmg been formed by a removal of benzene nucleuses. The presence of 
many pores in the insulation film having the main component of siUcon 
dioxide results in a further reduction of dielectric constant of the insulation 
film. The silicon dioxide insulation film many pores distributed therein has 
a lower dielectric constant than the dielectric constant of the siUcon dioxide 
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insulation film including the organic polymer distributed therein. 

It is furthermore preferable that the insulation film includes pores 

having been formed by a removal of benzene nucleuses having a bonding 

stmcture with silicon atoms. 

It is also preferable that the insulation film includes pores having 

been formed by a removal of benzene nucleuses free of a bonding stmcture 

with silicon atoms- 
It is also preferable that the insulation film includes pores having 

been fonhed by a removal of benzene nucleuses distributed in the 

insulation film at an amount corresponding to a carbon content of not 

higher than 30 at%. 

The fifth present invention provides an inter-laycr insulator 
provided between a first level interconnection layer and a second level 
interconnection layer which lies over the first level interconnection layer in 
a semiconductor device. The inter-layer insulator having a main component 
of silicon dioxide, wherein the inter-layer insulatojc includes at leaut one 
kind of organic polymer distributed therein. The distribution of at least one 
kind of organic polymer in the inter-layer insulator having a main 
component of silicon dioxide or silica would result in drop of a dielectric 
constant of the inter-layer insulator. Namely, the inter-layer insulator 
having a main component of silicon dioxide including organic polymer 
distributed therein has a lower dielectric constant than a dielectric constant 
of inter-layer insulator having a main component of silicon dioxide free of 
any organic polymer. The presence of the distributed organic polymer 
contributes to prevent formation of Si-O bonding at a high density. This 
results in a certain drop of a density of the inter-layer insulator having the 
main component of silicon dioxide or the silicon dioxide inter -layer 
insulator. The drop of the density of the inter-layer insulator results in a 
reduction in dielectric constant thereof. Further, the introduction of the 
organic polymer into silicon dioxide changes the Si-O bonding in silicon 
dioxide to other bonding structures between silicon and organic polyiner. 
Such change of the bonding stmcture causes a change in state of electrons 
so that electronic polarization is reduced. If electronic polarization is 
decreased, then the dielectric constant is also decreased. For this reason, the 
introduction of the organic polymer into silicon dioxide causes the decrease 
in dielectric constant of the inter-layer insulator having the main 
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component of silicon dioxide. 

u.^' J' t^^t *e organic polymer has a bridge structure 

st^mtv a "f"^'" """'^ ™^ P™P^*« of -he high 

fow ^' .high temperature and the high decomposition resistivity but Ihe 
ow volatility Of the inter-layer insulator allows the increase iT^ntent 
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constant of the inter-layer insulator having the main component of silicon 
dioxide. The benzene nucleuses has a bridge structure having strong 
bonding in order to provide a stability at high temperature to the inter-layer 
msulator. If the inter-layer insulator having die main component of silicon 
dioxide includes the benzene nucleuses with the bridge structure having 
strong bonding, then the inter-layer insulator has a high stability at high 
temperature and a high decompositioh resistivity bul lias a low voladlity. 
This inter-layer insulator is stable. This properties of the high stability at 
high temperature and the high decomposition resistivity but the low 
volatility of the inter-layer insulator aUows the increase in content of the 
organic component in the inter-layer insulator. The increase in content of 
the organic component in the inter-layer insulator results in further 
reduction in dielectric constant of the inter-layer insulator having the main 
component of silicon dioxide with keeping the advantageous and desirable 
properties of the high stability at high temperature and the high 
decomposition resistivity but the low volatility of the inter-layer insulator. 

It is furthermore preferable that the benzene nucleus has a 
bonding structure with sHicon atoms. ThU bonding structure may be 
formed by use of phenyltrimediylsUane or phenyJ.trimethoxysUane as a 
benzene nucleus source in a chemical vapor deposition for forming the 
mter-layer insulator. 

It is also preferable that the benzene nucleus is free of a bonding 
structure with silicon atoms. TMs bonding structure may be formed by use 
of an organic substance which has a structure of a single benzene nucleus 
for example,- toluene, benzene and xylene. Alternatively, an organic 
substance having a structure of a plurality of benzene nucleuses, for 
example, naphthalene, biphenyl and anthracene are also available. 

It is also preferable that the inter-layer insulator has a carbon 
content of not higher than 30 at%. 

The sixth present invention provides an inter-layer msulator 
provided between a first level interconnection layer and a second level 
interconnection layer which lies over the first level interconnection layer in 
a semiconductor device. The inter-layer insulator has a main component of 
silicon dioxide, wherein the inter-layer insulator includes pores having 
been formed by a removal of at least one kind of organic polymer 
distributed in the inter-layer insulator. The presence of many pores in the 
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inter-layer insulator having the main component of .silicon dioxide results 
in a further reduction of dielectric constant of the inter-layer insulator. The 
silicon dioxide inter-layer insulator many pores distributed therein has a 
lower dielectric constant than the dielectric constant of the silicon dioxide 
inter-layer insulator including the organic polymer distributed therein 

I' IS preferable that the inter-layer insulator includes pores having 
been formed by a removal of the organic polymer which has a bridge 
structure with strong bonding. The presence of many pores in the inter^ 
layer insulator having the main component of silicon dioxide results in a 
farther redu^ion of dielectric constant of the inter-layer insulator. The 
silicon dioxide mter-layer insulato^Si^ny pores distributed therein has a 
lower dielectric constant than the dielectric constant of the sUicon dioxide 
inter-layer insulator including the organic polymer distributed therein 

. It IS further preferable that the inter-layer insulator includes pores 
having been formed by a removal of benzene nuch.uses. The presence of 
many pores in the inter-layer insulator having th main component of 
silicon dioxide results in a further reduction of dielectric constant of the 
mter-layer msulator. The silicon dioxide int^r-layer insulator many pores 
distributed therein has a lower dielectric constant than the dielectric 
constant of the silicon dioxide inter-layer insulator including the organic 
polymer distributed therein. "^ganic 

It is furthermore preferable that the inter-layer insulator includes 
por^ having been formed by a removal of benzene nucleuses having a 
bonding structure with silicon atoms. 

It is also preferable that the inier-layer insulator includes pores 
havmg been formed by a removal of benzene nucleuses free of a bonding 
structure with silicon atoms. * 

It is also preferable that the inter-layer insulator includes pores 
havmg been formed by a removal of benzene nucleuses distributed hi the 

H I-T' 'f^^'^ ^' corresponding to a carbon content of not 

higher than 30 at%. 

The seventh present invention provides a multi-level 
interconnection structure comprising the following elements. At least a first 
leve mterconnection extends on an insulation layer. An inter-layer 
msulator extends over the insulation layer so that the inter-layer insulator 
covers the first level interconnection. The inter-layer insulator has at least a 
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via hole. The inter-layer insulator has a main component of siHcon dioxide 
At least a second level interconnection extends over the inter-layer' 
insulator so that the second level interconnection is separated by the inter-'- 
layer insulator from the first level interconnection and so that the second' 
level intercoiinection is electrically connected through the via hole to the 
first level interconnection. It is important that the inter-layer insulator 
includes at least one kind of organic polymer distributed therein The 
distribution of at least one kind of organic polymer in the inter-layer 
insulator having a main component of silicon dioxide or siUca would result 
in drop of a dielectric constant of the inter-layer insulator. Namely the 
mter-layer insulator having a main component of silicon dioxide including- 
organic polymer distributed therein has a lower dielectric constant than a 
dielectnc constant of inter-layer insulator having a main component of ' 
silicon dioxide free of any organic polymer. The presence of the distributed 
organic polymer contributes to prevent formation of Si-O bonding at a high 
density. This results in a certain drop of a density of the inter-layer 
insulator having the main component of silicon dioxide or the silicon ' 
dioxide mter-layer insulator. The drop of the density of the inter-layer 1 
msulator results in a reduction in dielectric constant thereof. Further the 
introduction of the organic polymer into silicon dioxide changes the Si-O ' 
bonding in silicon dioxide to other bonding structures between silicon and 
orgamc polymer. Such change of the bonding structure causes a change in 
state of electrons so that electronic polarization is reduced. If electronic 
polarization is decreased, then the dielectric constant is also decrease.d For 
this reason, the introduction of the organic polymer into silicon dioxide 
causes the decrease in dielectric constant of the inter-layer insulator having 
the main component of silicon dioxide. 

It is preferable that the organic polymer has a bridge stmcture 
having strong bonding in order to provide a stability at high temperature to 
the mter-layer insulator. If the inter-layer- insulator having the riiain 
component of silicon dioxide includes the organic polymer with the bridge 
structure having strong bonding, then the inter-layer insulator has a high 
stability at high temperature and a high decomposition resistivity but has a 
low volatiUty. This inter-layer insulator is stable. Iliis properties of the high 
stabihty at high temperature and the high decomposition resistivity but the 
low volatility of the inter-layer insulator allows the increase in content of 
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the organic component in the inter-layer insulator. The increase in content 
of the organic component in the inter-layer insiilator results in forther 
reduction in dielectric constant of the inter-layer insulator having the main 
component of silicon dioxide with keeping the advantageous and desirable 
properties of the high stability at high temperature and the high 
decomposition resistivity but the low volatility of the inter-layer insulator. ■ 
It is further preferable that the organic polymer comprises a 
benzene nucleus. The distribution of at least one kind of benzene nucleuses 
in the inter-layer insulator having a main component of silicon dioxide or 
silica would result in- drop of a dielectric constant of the inter-layer 
insulator. Namely, the inter-layer insulator having a main component of 
silicon dioxide including benzene nucleuses distributed therein has a lower, 
dielectric constant than a dielectric constant of inter-layer insulator having 
a main component of silicon dioxide &ee of any benzene nucleuses. The, 
presence of the distributed benzene nucleuses contributes to prevent 
formation of Si-O bonding at a high density. This results in a certain drop, 
of a density of the dnter-layer insiUator having the main component of 
silicon dioxide or the silicon dioxide inter-layer insulator. The drop of the 
density of the inter-layer insulator results in a rsductioii in dielectric 
constant thereof. Further, the introduction of the benzene nucleuses into- 
siHcon dioxide changes the Si-O bonding in sUicon dioxide to other 
bonding structures between silicon and benzene nucleuses. Such change of 
the bonding structure causes a change in state of electrons so that electronic 
polarization is reduced. If electronic polarization is decreased,, then the 
dielectric constant is also decreased. For this reason, the introduction of the 
benzene nucleuses into sHicon dioxide causes the decrease in dielectric 
constant of the inter-layer insulator having the main component of silicon 
dioxide. The benzene nucleuses has a bridge structure having strong 
bonding in order to pirovide a stability at high temperature to the inter^layer 
insulator. If the inter-layer insulatqr.having the main component of silicon 
dioxide includes the benzene nucleuses with the bridge structure having 
strong bonding, then the inter-layer insulator has a high stability at high 
temperature and a high decomposition resistivity but has a low volatility. 
This inter-layer insulator is stable. This properties of the high stability at 
high temperature and the high decomposition resistivity but the low 
volatiUty of the inter-layer insulator allows the increase in content of the 
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organic component in the inter-layer insulator. The increase in content of 
the organic component in the inter-layer insulator results in further 
reduction in dielectric constant of the inter-layer insulator having the main 
component of silicon dioxide with keeping the advantageous and desirable 
properties of the high stability at high temperature and the high 
decomposition resistivity but the low volatility of the ihter-layer insulator. 

It is furthermore preferable that the benzene nucleus has a 
bonding structure with silicon atoms. This bonding structure may be 
formed by use of phenyltrimethylsilane or phenyltiimethoxysilane as a 
benzene nucleus source in a chemical vapor deposition for forming the 
inter-layer insulator. 

It is also preferable that the ben:zene nucleus is free of a bonding 
structure with silicon atoms. This bonding structure may be formed by use 
of an organic substance which has a structure of a single benzene nucleus, 
for example, toluene, benzene and xylene. Alt<:matively, an organic 
substance having a stmcture of a plurality of bsnzene nucleuses, for 
example, naphthalene, biphenyl and anthracene are also available. 

It is also preferable that the inter-layer insulator has a carbon , 
content of not higher than 30 at%. 

The eighth priesent invention provides a multi-level 
interconnection stmcture comprising the following elements. At least a first 
level interconnection extends on an insulation layer. An inter-layer 
insulator extends over the insulation layer so that the inter-layer insulator 
covers the first level interconnection. The inter-layer insuldtor has at least a 
via hole. The inter-layer insulator has a main component of silicon dioxide. 
At least a second level interconnection extends over the inter-layer 
insulator so that the second level interconnection is separated by the inter- 
layer insulator from the first level interconnection and so that the second 
level interconnection is electrically connected through the via hole to the 
first level interconnecstion. It is important that the inter-layer insulator 
includes pores having been formed by a removal of at least one kind of 
organic polymer distributed in the inter-layer insulator. The presence of 
inany pores in the inter-layer insulator having the main component of 
silicon dioxide results in a further reduction of dielectric constant of the 
inter-layer insulator. The silicon dioxide inter-layer insulator many pores 
distributed therein has a lower dielectric constant than the dielectric 
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constant of the silicon dioxide inter-layer insulator including the organic 
polymer distributed therein. 

It is preferable that the inter-layer insulator includes pores having 
been formed by a removal of the organic polymer which has a bridge 
structure with strong bonding. The presence of many pores in the inter- 
layer insulator having the main component of silicon dioxide results in a 
further reduction of dielectric constant of the inter-layer insulator. The 
silicon dioxide inter-layer insulator many pores distributed therein has a 
lower dielectric constant than the dielectric constant of the silicon dioxide 
inter-layer insulator including the organic polymer distributed therein. 

It is further preferable that the inter-layer insulator includes pores 
having been formed by a removal of benzene nucleuses. "Die presence of 
many pores in the inter-layer insulator having the main component of 
sUicon dioxide results in a further reduction of dielectric constant of the 
inter-layer insulator. The sflicon dioxide inter-layer insulator many pores 
distributed therein has a lower dielectric constant than the dielectric 
constant of the silicon dioxide inter-layer insulator including the organic 
polymer, distributed therein. 

It is furthermore preferable that the inter-layer insulator includes 
pores having been formed by a removal of benzene nucleuses having a 
bonding structure with silicon atoms. 

It is also preferable that the inter-layer insulator includes pores 
having been formed by a removal of benzene nucleuses free of a bonding 
structure with silicon atoms. 

It is also preferable that the inter-layer insulator includes pores 
havmg been formed by a removal of benzene nucleuses distributed in the 
inter-layer insulator at an amount corresponding to a carbon content of not 
higher than 30 at%, 

_ The ninth present invention provides a method of forming an 

msulator having a main component of siHcon dioxide by a chemical vapor 
deposition method, wherein at least one kind of organic substance 
mcludmg benzene nucleuses is used as a benzene nucleus source so that the 
insulator includes the benzene nucleuses. The distribution of at least one 
kind of benzene nucleuses in the inter-layer insulator having a main 
component of silicon dioxide or silica would result in drop of a dielectric 
constant of the inter-layer insulator. Namely, the inter-layer insulator 
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having a main component of silicon dioxide including benzene nucleuses 
distributed therein has a lower dielectric constant than a dielectric constant 
of inter-layer insulator having a main component of siUcon dioxide free of 
any benzene nucleuses. The presence of the distributed benzene nucleuses- 
contributes to prevent formation of Si-O bonding at a high density. This 
results in a certain drop of a density of the inter-layer insulator having the 
main component of silicon dioxide or the silicon dioxide inter-layer, 
insulator. The drop of the density of the inter-layer insulator results in a 
reduction in dielectric constant thereof. Further, the introduction of the 
benzene nucleuses into sUicon dioxide changes the Si- O bonding in siHcori 
dioxide to other bonding structures between sUicon and benzene nucleuses. 
Such change of the bonding structure , causes a change in state of electrons 
so that electronic polarization is reduced. If electronic polarization is 
decreased, then the dielectric constant is also decreased. For this reason, the 
mtroduction of the benzene nucleuses into silicon dioxide causes the 
decrease in dielectric constant of the inter.layer insulator having the main 
component of sUicon dioxide. The benzene nucleuses has a bridge structure 
havmg strong bonding in order to provide a stability at high temperature to 
the inter-layer insulator. If the inter-layer insulator havmg the main^ 
component of siUcon dioxide includes the benzeris nucleuses with the 
bndge structure having strong bonding, then the inter-layer insulator has a 
high stabiHty at high temperature and a high decomposition resistivitv but 
has a low volatility. This inter-layer insulator is stable. This properties of 
the high stability at high temperature and the high decomposition resistivity 
but the low volatility of the inter-layer insulator allows the increase in 
content of the organic component in the inter-layer insulator. The iucrease 
in content of the organic component in the inter-layer insulator results in 
further reduction in dielectric constant of the inter-layer insulator having 
the mam component of sUicon dioxide with keeping the advantageous and 
desirable properties of the high stability at high temperature apd the high 
decomposition resistivity but the low volatUity of the inter-layer insulator. 

It is preferable that the benzene nucleus has a bonding shucture 
with silicon atoms. 

It is fmrther preferable that at least one selected from the group 
consisting of phenyltrimethylsUane and phenyltrimethoxysilane is used as 
the benzene nucleus soiirce. 
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It is also preferable that the organic substance as the benzene 
nucleus source is used together with a silicon source material. 

It is also preferable that the organic substance as the benzene 
nucleus source is used alone without any silicon source material. 

It is also preferable that the benzene nucleus is free of a bonding 
structure with sUicon atoms and the organic substance as the benzene 
nucleus source is used together with a silicon source material. 

It is further preferable that the organic substance has a structure 
of a single benzene nucleus. 

It is furthermore preferable that the organic substance comprises 
at least one selected from the group consisting of toluene, benzene and 
xylene. 

It is also preferable fliat the organic substance has a structure of a 
plurality of benzene nucleuses. 

It is further preferable that the organic substance comprises at 
least one selected from the group consisting of naphthalene, biphenyl and 
anthracene. 

It is also preferable that the chemical vapor dejpbsitiori method is 
a plasma chemical vapor deposition method. iFor example, a parallel -plate 
plasma chemical vapor deposition method, an electron cyclotron resonance 
plasma chemical vapor deposition method, a helicon wave plasma chemical 
vapor deposition method, and an inductively coupled plasma chemical 
vapor deposition method are available. 

It is also preferable that the chemical vapor deposition method is 
a low pressure chemical vapor deposition method. 

It is also preferable that after the insulator has been formed by 
the chemical vapor deposition method, then the benzene nucleuses are 
removed from the msulator thereby to form pores in the insulator. The 
presence of many pores iii the insulator having the main component of 
silicon dioxide-results in a further reduction of dielectric constant of the 
insulator. The sUicon dioxide insulator many pores distributed therein has a 
lower dielectric constant than the dielectric constant of the silicon dioxide 
insulator including the organic polymer distributed therein. 

It is further preferable that the benzene nucleuses are removed by 
causing an elimination reaction for eliminating benzene nucleuses from the 
insulator. 
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It is furthermore preferable that the elimination reaction is caused 
by exposure to oxygen radicals generated in a plasma. 

It is moreover preferable that the elimination reaction is caused 
by a heat treatment in a vacuum at a temperature of not less than 450'C . 

It is stiU more preferable that the elimination reaction is caused 
by a heat treatment in an inert gas atmosphere at a temperature of not less 
than 450*0. 

It is also preferable that the benzene nucleuses are removed by 
causing a combustion reaction in an oxygen atmosphere. 

It is also preferable that the chemical vapor deposition method is 
carried out by maintaining a temperature of not less than about 500*0 so as 
to cause elimination reaction of the benzene nucleuses at the same time of 
deposition of the insulator, thereby to form the insulator including pores. 

The tenth present invention provides a method of forming an 
insulation film having a main component of silicon dioxide in a 
semiconductor device by a chemical vapor deposition method, wherein at 
least one kind of organic substance including benzene nucleuses is used as 
a benzene nucleus source so that the insulation film includes the benzene 
nucleuses. The distribution of at least one kind of beazene nucleuses ui the 
mter-layer insulator having a main component of silicon dioxide or silica 
would result in drop of a dielectric constant of the inter-layer insulator 
Namely, the inter-layer insulator having a main component of silicon 
dioxide mcluding benzene nucleuses distributed therein has a lower 
dielectric constant than a dielectric constant of inter-layer insulator having 
a main component of silicon dioxide free of any benzene nucleuses. The 
presence of the distributed benzene nucleuses contributes to prevent 
formation of Si-O bonding at a high density. This results in a certain drop 
of a density of the inter-layer insulator having the main component of 
silicon dioxide or the silicon dioxide inter-layer insulator. The drop of the 
density of the inte^layer insulator results in a reduction in dielectric 
constant thereof, Further, the introduction of the benzene nucleuses into 
silicon dioxide changes the Si-O bonding in siUcon dioxide to other 
bondmg structures between silicon and benzene nucleuses. Such change of 
the bonding structure causes a change in state of electrons so that electronic 
polarization is reduced. If electronic polarization is decreased, then the 
dielectric constant is also decreased. For this reason, the introduction of the 
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benzene nucleuses into siHcon dioxide causes the decrease in dielectric 
constant of the inter-layer insulator having the main component of siUcon 
dioxide. The benzene nucleuses has a bridge structure having strong 
bonding in order to provide a stability at high temperature to the inter-layer 
insulator. If the inter-layer insulator having the main component of silicon 
dioxide mcliides the benzene nucleuses with the bridge structure having 
strong bonding, then the inter-layer insulator has a high stabiUty at high 
temperature and a high decomposition resistivity but has a low volatility 
This inter-layer insulator is stable. This properties of the high stabiUty at 
high temperature and the high decomposition resistivity but the low 
volatility of the inter-layer insulator allows the increase in content of the 
organic component in the inter-layer insulator. The increase in content of 
the organic component in the inter-layer insulator results in further 
reduction in dielectric constant of Ae inter-layer insulator having the main 
component of silicon dioxide with keepmg the advantageous and desirable 
properties of the high stability at high temperature and the high 
decomposition resistivity but the low volatility of the inter-layer insulator. ' 

It is preferable that the benzene nucleus has a bonding structure 
with silicon atoms. 

It is fiirfher preferable that at least one selected from the group 
consisting of phenyltrimethylsilane and phenyltrimethoxysilane is used 
the benzene nucleus source. 

It is also preferable that the organic substance as the benzene 
nucleus source is used together with a silicon source material. 

It is furthermore preferable that the organic substance as the 
benzene nucleus source is used alone without any silicon source material. 

It is also preferable that the benzene nucleus is free of a bonding 
structure with siUcon atoms and the organic substance as the benzene 
nucleus source is used together with a siUcon source material. 

It is further preferable that the organic substance has a structure 
of a single benzene nucleus. - — 

It is furthermore preferable that the organic substance comprises 
at least one selected from the group consisting of toluene, benzene and 
xylene. 

It is also preferable that the organic substance has a structure of a 
pluraUty of benzene nucleuses. 
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• It is further preferable that the organic substance comprises at 
anttu-rrene ^^^"^ ^"""^ consisting of naphthalene, biphenyl and 

It is also preferable that the chemical vapor deposition method is 
a plasma chemical vapor deposition method. For example, a parallel-plate 
plasma chemical vapor deposition method, an electron cyclotron resonance 
plasma chemical vapor deposition method, a helicon wave plasma chemical 
vapor deposition method, and an inductively coupled plasma chemical 
vapor deposition method are available. 

It is also preferable that the chemical vapor deposition method is 
a low pressure chemical vapor deposition method. 

It is also preferable that after the insulation film has been formed 
by the chemical vapor deposition method, then the benzene nucleuses axe 
removed from the insulation film thereby to form pores in the insulation 
film. The presence of many pores in the insulation film having the main 
component of silicon dioxide results in a further reduction of dielectric 
constant of the insulation film. The silicon dioxide insulation film many 
pores distributed therein has a lower dielectric constant than the dielectric 
constant of the silicon dioxide insulation film including the oreanic 
polymer distributed therein. 

It is further preferable that the benzene nucleuses are removed by 
causmg an elimination reaction for eliminating benzene nucleuses from the 
insulation film. 

It is furthermore preferable that the elimination reaction is caused 
by exposure to oxygen radicals generated in a plasma. 

It is also preferable that the elimination reaction is caused by a 
heat treatment in a vacuum at a temperature of not less than 450^:. 

It is also preferable that the elimination reaction is caused by a 
^ atmosphere at a temperature of not less than 

It is also preferable that the benzerie nucleuses are removed by 
causmg a combustion reaction in an oxygen atmosphere. 

It is also preferable that the chemical vapor deposition method is 
earned out by maintaining a temperature of not less than about 500*0 so as 
to cause elimination reaction of the benzene nucleuses at the same time of 
deposition of the insulation film, thereby to form the insulation film 
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including pores. 

PREFERRED EMBODIMENTS 

FTRST EMBODTMF.NT ! 

A first embodiment according to the present invention will be 
described in detail wherein there is provided a method of forming a silica 
film including benzene nucleuses with a reduced dielectric constant over a 
silicon substrate by a chemical vapor deposition method, FIG. 1 is a 
schematic view illustrative of a parallel-plate plasma chemical vapor 
deposition system used in this first embodiment ia accordance with the 
present invention. The parallel-plate plasma chemical vapor deposition 
system has a reaction chamber 21 which accoimnodates a top electrode 22 
and a bottom electrode 23. A silicon substrate 24 is placed on the bottom 
electrode 23. The bottom electrode 23 is connected to a ground line so that 
the bottom electrode 23 is kept to have a ground potential. The top 
electrode 22 is connected to a high frequency power source 25 for 
receiving a high frequency power from the high frequency power source 25. 
Further a heater not illustrated is provided adjacent to the bottom electrode 
23 for heating the silicon substrate 24. The reaction chamber 21 is 
connected to a source gas introduction system 26 through which source 
gases are fed into the reaction chamber 21. The reaction chamber 21 is 
further connected to a gas discharge system 27 by which used gases are 
discharged from the reaction chamber 21. 

In this first embodiment, phenyltrimethylsilane, silane and 
oxygen are used as source gases for formation of a silica insulation film by 
a plasma chemical vapor deposition method. The individual source gases 
are subjected to flow rat© controls by a mass flow controller not illustrated 
for subsequent introductions thereof through the source gas introductioii 
system 26 into the reaction chamber 21, Phenyltrimethylsilane has a 
bonding structure of silicon to benzene nucleus. Phenyltrimethylsilane is 
reacted with an oxidant to form a silica film including benzene nucleuses, 
Phenyltrimethylsilane is in a liquid state at room temperature. 
Phenyltrimethylsilane has a boiling point of 169X:. Phenyltrimethylsilane 
in liquid state is first filled in a stainless cylinder for vacuuming the 
stainless cylinder and subsequent heating the stainless cylinder up to about 
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lOO'C. The source gas introduction system 26 including the mass flow 
controller and the reaction chamber 21 are also heated up to about 150X: 
for prevention of condensation of phenyltrimethylsilane so as to allow 
phenyltrirnethylsilane in gas , state to be fed through the source gas 
introduction system 26 into the reaction chamber 21. Silane and oxygen are 
also fed through the source gas introduction system 26 into the reaction 
chamber 21: 

The silicon substrate 24 comprises a silicon wafer covered by an 
aluminum layer and is placed on the bottom electrode 23. The parallel-plate 
plasma chemical vapor deposition is carried out under the following 
conditions- A flow rate of silane is varied in the range of 0 seem to 50 seem. 
A flow rate of phenyltrimethylsilane is also varied in the range of 0 seem to 
50 seem. A flow rate of oxygen is set 100 seem. A pressure is set 0.1 Ton, 
A high frequency power of 500W is applied to the top electrode 22. The 
substrate temperature is maintained at SOO^C. 

A measurement of an infrared absorption spectrum is made in 
order to confirm whether or not the silane insulation film does include 
benzene nucleuses, FIG- 2 is a diagram illustrative of measured infrared 
absorption spectrum of the silica film over wave number when the silica 
film is deposited under conditions of a silane flow rate of zero and a 
phenyltrimethylsilane flow rate of 50 seem. Absorption lines appear at 
wave numbers of about 1450 cm-i, 1500 cm-i and 1600 cm-i. Those 
absorption lines show absorptions of infrared ray due to the benzene 
nucleuses. No hydrocarbon composition other than benzene nucleus coul?l 
be detected/The above matters show that if phenyltrimethylsilane having a 
bonding stmcture of silicon with benzene nucleuses is used as a source gas 
for the plasma chemical vapor deposition method, then the silica film 
having the benzene nucleuses is formed. In accordance with the above 
infrared absorption spectmm, no Si-OH bonding due to moisture in the 
silica film is detected. This means that the silica film i is free of residual 
moisture. 

Further, the flow rates of phenyltrimethylsilane and silane are 
changed for the further plasma chemical vapor depositions of the other 
silica films so that compositions of the silica film and dielectric constants 
thereof are measured. For measuring each of the dielectric constants of the 
silica films, an additional electrode is provided on the silica film having the 
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benzene nucleuses so that a capacity between the additional electrode and 
the substrate is measured. From the above analysis of the compositions of 
the silica film, it could be understood that if only silane is used for the 
plasma chemical vapor deposition, then the silica film includes no benzene 
nucleiiseis. If a flow rate ratio of phenyltrimethylsilane having a bonding 
structure of silicon with benzene nucleus is increased, then a carbon 
content of the silica film is also increased. This means that If the flow rate 
ratio of phenyltrimethylsilane having the bonding structure of silicon with 
benzene nucleus is increased, then an amount of benzene nucleus in the 
silica film is also increased. If only phenyltrimethylsilane is used without 
use of silane for the plasma chemical vapor deposition, then the silica film 
has a carbon content of about 30at%. As a result of measuring the dielectric 
constant of the silica film, it is also understood that if the carbon content of 
the silica film is increased, then the dielectric constant of the silica fil m is 
decreased. For example, if silane only is used, then the silica film has a 
dielectric constant of e r =4 which almost corresponds ,to the dielectric 
constant of silica. The increase in flow rate ratio oJ: phenyltrimethylsilane 
to silane results in a decrease in dielectric constai/.<: of the silica film. If 
phenyltrimethylsilane only is used for the plzsma chemical vapor 
deposition, then the silica fQm has a dielectric constant of £ r =3 

The above experimental results show that it is possible to form 
the silica film including the benzene nucleuses by use of 
phenyltrimethylsilane having a bonding structure of silicon with benzene 
nucleuses as the source gas. It is also possible to control the content of 
benzene nucleuses in the silica-fiim by controlling the amount of 
phenyltrimethylsilane. Namely, the increase in the amount of 
phenyltrimethylsilane results in an increase in amount of the benzene 
nucleuses in the silica film, whereby the dielectric constant of the silica 
film is decreased. If phenyltrimethylsilane is used alone for the plasma 
chemical vapqi^ deposition, then the carbon content of the silica: film is 
about 30at% and the dielectric constant thereof is about s r =s3- Further, 
phenyltrimethylsilane in a gas state is fed to the reaction chamber for 
subsequent plasma chemical vapor deposition, for which reason it is 
possible to form the silica film including the benzene nucleuses free of 
substantive residual impurity, particularly residual moisture. Furthermore, 
the benzene nucleuses with strong bonding in the siUca film are stable 
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among organic polymers to provide the silica film with a stability at high 
temperatiare. , 

In this embodiment, the plasma chemical vapor deposition was 
carried out by use of the parallel-plate plasma chemical vapor deposition 
appiaratus. NotwithstandLng, any other plasma chemical vapor deposition 
methods are also available. For example, it was confirmed that, for forming 
the silica film including the benzene nucleuses by use of 
phenyltrimethylsilane, there are available an electron cyclotron resonance 
plasma chemical vapor deposition method, a helicon wave plasma chemical 
vapor deposition method, and an inductive coupled plasma chemical vapor 
deposition method. 

SHCOND F.Tvmnr>TMPNrr - 

A second embodiment according to the present iovention will be 
described in detail with reference again to FIGS. 1 and 2, wherein another 
method of forming a silica film including benzene nucleuses with a reduced 
dielectric constant over a silicon substrate by a chemical vapor deposition 
method. In this embodiment, the same parallel-plate plasma chemical vapor 
deposition system as in the first embodiment is used. Detailed descriptions 
of the parallel-plate plasma chemical vapor deposition system with 
reference to the drawings will be omitted. 

In this second embodiment, phenyltrimethoxysilane, silane and 
oxygen are used as source gases for formation of a silica insulation film by 
a plasma chemical vapor deposition method. Namely, instead of 
phenyltrimethylsilane, phenyltrimethoxysilane is used. The " individual 
source gases axe subjected to flow rate controls by a mass flow controller 
not illustrated for subsequent introductions thereof through the source gas 
introduction system 26 into the reaction chamber 21. 
Phenyltrimethoxysilane has a bonding structure of siUcon to benzene 
nucleus. Phenyltrimelioxysilane is reacted with ah oxidant to form a silica 
film including benzene nucleuses. Phenyltrimethoxysilane is in a liquid 
state at room temperature. Phenyltrimethoxysilane in liquid state is first 
filled in a stainless cylinder for vacuuming the stainless cylinder and 
subsequent heating the stainless cylinder. The source gas introduction 
system 26 including the mass flow controller and the reaction chamber 21 
are also heated for prevention of condensation of phenyltrimethoxysDane 
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SO as to allow phenyltrimethoxysilane in gas state to be fed through the 
source gas introduction system 26 into the reaction chamber 21. Silane and 
oxygen are also fed through the source gas introduction system 26 into the 
reaction chamber 2^. 

The silicon substrate 24 comprises a silicon wafer covered by an 
aluminum layer and is placed on the bottom electrode 23. The parallel-plate 
plasma chemical vapor deposition is carried out under the following 
conditions. A flow rate of silane is varied in the range of 0 seem to 50 seem. 
A flow rate of phenyltrimethoxysilane is also varied in the range of 0 seem 
to 50 sccra. A flow rate of oxygen is set 100 seem. A pressure is set 0.1 
Torr. A high frequency power of 500W is applied to the top electrode 22. 
The substrate temperature is maintained at SOOt;. 

A measurement of an infrared absorption spectrum is made in . 
order to confirm whether or not the silane insulation film does include 
benzene nucleuses. FIG. 2 is a diagram illustrative of measured infrared 
absorption spectmm of the silica jfilm over wave number when the silica 
film is deposited under conditions of a silane flow rate of zero and a 
phenyltrimethoxysilane flow rate of 50 seem. Absoiption lines appear at 
wave numbers of about 1450 cm-i, 1500 cm-i and 1600 cm-i. Those 
absorption lines show absorptions of infrared ray due to the benzene 
nucleuses. No hydrocarbon composition other than benzene nucleus could 
be detected. The above matters show that if phenyltrimethoxysilane having 
a bonding structure of silicon with benzene nucleuses is used as a source 
gas for the plasma chemical vapor deposition method, then the silica film 
having the benzene nucleuses is formed. In accordance with the above ' 
infrared absorption spectmm, no Si-OH bonding due to moisture in the 
silica film is detected. This means that the silica fihn is free of residual 
moisture. 

Further, the flow rates of phenyltrimethoxysilane and silane are 
changed for the further plasma chemical vapor depositions of_the other 
silica films so that compositions of the silica film and dielectric constants 
thereof are measured. For measuring each of the dielectric constants of the 
silica films, an additional electrode is provided on the silica film having the 
benzene nucleuses so that a capacity between the additional electrode and 
the substrate is measured. From the above analysis of the compositions of 
the silica film, it could be understood that if only silane is used for the 
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plasma chemical vapor deposition, then the silica film includes no benzene 
nucleuses. If a flow rate ratio of phenyltrimethoxysilane having a bonding 
structure of silicon with benzene nucleus is increased, then a carbon 
Content of the silica film is also increased. This mearis that If the flow rate 
ratio of phenyltrimethoxysilane having the bonding structure of silicon with 
benzene nucleus is increased, then an amount of benzene nucleus in the 
silica film is also increased. If only phenyltrimethoxysilane is used without 
use of silane for the plasma chemical vapor deposition, then the silica film 
has a carbon content of about 30at%. As a result of measuring the dielectric 
coiistant of the silica film, it is also understood that if the carbon content of 
the silica film is increased, then the dielectric constant of the silica film is 
decreased- For example, if silane only is used, then the silica film has a 
dielectric constant of £r =4 which almost corresponds to the dielectric 
constant of silica. The increase in flow rate ratio of phenyltrimethoxysilane 
to silane results in a decrease in dielectric constant of the silica film. If 
phenyltrimethoxysilane only is used for the plasma chemical vapor 
deposition, then the silica film has a dielectric constant of £ r =3. 

The above experimental results show thar. it is possible to form 
the silica fihn including the benzene nucleuses by use of 
phenyltrimethoxysilane having a bonding structure of silicon with benzene 
nucleuses as the source gas. It is also possible to control the content of 
benzene nucleuses in the silica film by controlling the amount of 
phenyltrimethoxysilane. Namely, the increase in the amount of 
phenyltrimethoxysilane results in an increase in a,mount of the benzene 
nucleuses in the silica film, whereby the dielectric constant of the silica 
film is decreased. If phenyltrimethoxysilane is used alone for the plasma 
chemical vapor deposition, then the carbon content of the silica film is 
about 30at% and the dielectric constant thereof is about er =3. Further, 
phenyltrimethoxysilane in a gas state is fed to the reaction chamber for 
subsequent plasma chemical vapor deposition, for which reason it is 
possible to form the silica film including the benzene nucleuses free of 
substantive residual impurity, particularly residual moisture. Furthermore, 
the benzene nucleuses with strong bonding in the silica film are stable 
among organic polymers to provide the silica film with a stability at high 
temperature. . 

In this embodiment, the plasma chemical vapor deposition was 
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carried out by use of the parallel-plate plasma chemical vapor deposition 
apparatus. Notwithstanding, any other plasma chemical vapor deposition 
methods are also available. For example, it was confirmed that, for forming 
the silica film including the benzene nucleuses by use of 
phenyltrimethoxysilane, there are avaDable an electron cyclotron resonance 
plasma chemical vapor deposition method, a helicon wave plastna chemical 
vapor deposition method, and an inductive coupled plasma chemical vapor 
deposition method. 

THIRD F.MTtnnTMFNT - 

A third embodunent according to the present invention will be 
described in detail, wherein there is provided a method of forming a silica 
film including benzene nucleuses with a reduced dielectric constant over a 
silicon substrate by a chemical vapor deposition method. RG. 3 is a 
schematic view illustrative of a low pressure chemical vapor deposition 
system used in this third embodiment in accordja).cc with the present 
invention. The low pressure chemical vapor deposition system has a quartz 
reaction chamber 31 which accommodates a substrate holder 32 on which 
substrates 33 are placed. Further a heater 36 provided around the quartz 
reaction chamber 31 for heating the quartz reaction chamber 31 The quartz 
reaction chamber 31 is. connected to a source gas introduction system 34 
through which source gases are fed into the quartz reaction chamber 31. 
The quartz reaction chamber 31 is further connected to a gas discharge 
system 35 by which used gases are discharged from the quartz reaction 
chamber 31. 

In this third embodiment, phenyltrimethylsilane, silane and 
oxygen are used as source gases for formation of a silica insulation film by 
a low pressure chemical vapor deposition method. The individual source 
gases are subjected to flow rate controls by a mass flow controller not 
illustrated for subsequent introductions thereof through, the _source gas 
introduction system 34 into the quartz reaction chamber 31. 
Phenyltrimethylsilane has a bonding structure of silicon to benzene nucleus. 
Phenyltrimethylsilane is reacted with an oxidant to form a silica film 
including benzene nucleuses. Phenyltrimethylsilane is m a liquid state at 
room temperature. Phenyltrimethylsilane has a boiling point of 169*0. 
Phenyltrimethylsilane in liquid state is first filled in a stainless cylinder for 
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vacuuming the stainless cylinder and subsequent heating the stainless 
cylinder. The source gas introduction system 34 including the mass flow 
controller and the quartz reaction chamber 31 are also heated for prevention 
of condensation of phenyltrimethylsilane so as to allow 
phenyltrimethylsilaiie in gas state to be fed through the source gas 
introduction system 34 into the quartz reaction chamber 31. Silane and 
oxygen are also fed through the source gas introduction system 34 into the 
quartz reaction chamber 31. 

Each of the silicon substrates 33 comprises a silicon wafer 
covered by an aluminum layer and is placed on the substrate holder 32. The ' 
low pressure chemical vapor deposition is carried out under the following 
conditions. A flow rate of silane is varied in the range of 0 seem to 50 seem. 
A flow rate of phenyltrimethylsilane is also varied in the range of 0 seem to 
50 seem. A flow rate of oxygen is set 100 seem. A pressure is set 0.5 Torr. 
A reaction tube temperature adjacent to the sample is maintained at SOOXi. 
The substrate temperature is maintained at 300"C. 

A measurement of an infrared absorption spectrum "is-made in 
order to confirm whether or not the silane insulation film does include 
benzene nucleuses/ Absorption lines appear at wave numbers of about 1450 
cm-i, 1500 cm-i and 1600 cm-^. Those absorption lines show absorptions of 
infrared ray due to the benzene nucleuses. No hydrocarbon composition 
other than benzene nucleus could be detected. The above matters show that 
if phenyltrimethylsilane having a bonding structure of silicon with benzene 
nucleuses is used as a source gas for the low pressure chemical vapor 
deposition method, then the silica film having the benzene nucleuses is 
formed. In accordance with the above infrared absorption spectrum, no Si- 
OH bonding due to moisture in the silica film is detected. This means that 
the silica jRlm is free of residual moisture. 

Further, the flow rates of phenyltrimethylsilane and sUane are 
changed for the further low pressure chemical vapor depositions of the 
other silica films so that compositions of the silica film and dielectric 
constants thereof are measured. For measuring each of the dielectric 
constants of the silica films, an additional electrode is provided on the silica 
film having the benzene nucleuses so that a capacity between the additional 
electrode and the substrate is measured. From the above analysis of the 
compositions of the silica film, it could be understood that if only silane is 
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used for the low pressure chemical vapor depositioii, then the silica film 
includes no benzene nucleuses. If a flow rate ratio of phenyltrimethylsilane 
having a bonding structure of silicon with benzene nucleus is increased, 
then a carbon content of the silica film is also increased. This means that If 
the flow rate ratio of phenyltrimethylsilane having the bonding structure of 
silicon with benzene nucleus is increased, then an amount of benzene 
nucleus in the silica film is also increased. If only phenyltrimethylsilane is 
used without use of silane fox the low pressure chemical vapor deposition, 
then the silica film has a carbon content of about 30at%. As a result of 
measuring the dielectric constant of the silica film, it is also understood that 
if the carbon content of the silica film is increased, then the dielectric 
constant of the silica film is decreased. For example, if silane only is used, 
then the silica film has a dielectric constant of e r =4 which almost 
corresponds to the dielectric constant of silica. Ths increase in flow rate 
ratio of phenyltrimethylsilane to silane results in u decrease in dielectric 
constant of the silica film. If phenyltrimethylsilane (mly is used for the low 
pressure chemical vapor deposition, then the silica film has a dielectric 
constant of £ r =3. 

The above experimental results show that it is possible to form 
the silica film including the benzene nucleuses by use of 
phenyltrimethylsilane having a bonding structure of silicon with benzene 
nucleuses as the source gas. It is also possible to control the content of 
benzene nucleuses in the silica film by controlling the amount of 
phenyltrimethylsilane. Namely, the increase in the amount of 
phenyltrimethylsilane results in an increase in amount of the benzene 
nucleuses in the silica film, whereby the dielectric constant of the silica 
film is decreased. If phenyltrimethylsilane is used alone for the low 
pressure chemical vapor deposition, then the carbon content of the silica 
film is about 30at% and the dielectric constant thereof is about £r =3. 
Further, phei^trimethylsilane in a gas state is fed to the reaction: chartiber 
for subsequent low pressure chemical vapor deposition, for which reason it 
is possible to form the silica film including the benzene nucleuses fi"ee of 
substantive residual impurity, particularly residual moisture. Furthermore, 
the benzene nucleuses with strong bonding in the silica film are stable 
among organic polymers to provide the silica film "with a stability at high 
temperature. . 
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In this embodiment, a single substrate is treated in the single low 
pressure chemical vapor deposition process. Notwithstanding, it is also 
possible that a plurality of substrates are treated in the single low pressure 
chemical vapor deposition process. It was confirmed that the batch-process 
of the low pressure chemical vapor deposition of a plurality of substrates 
provides substantially the same silica films as when the single wafer low 
pressure chemical vapor deposition process is carried out. 

FOURTH EMBODIM ENT : 

A fourth embodiment according to the present invention will be 
described in detail, wherein there is provided a method of forming a silica • 
film including benzene nucleuses with a reduced dielectric constant over a 
silicon substrate by a chemical vapor deposition method. The same low 
pressure chemicsal vapor deposition system as in the third embodiment and 
illustrated in FIG. 3 is used. The detailed descriptions thereof will be 
omitted- 

In this fourth embodiment, instead of phenyltrimethylsilane, 
phenyltrimethoxysilane is used. Namely, phenyltrimethoxysilane, silane 
and oxygen are used as source gases for formation of a silica insulation 
film by a low pressure chemical vapor deposition method. The individual 
source gases are subjected to flow rate controls by a mass flow controller 
not illustrated for subsequent introductions thereof through the source gas 
introduction system 34 into the quartz reaction chamber 31. 
Phenyltrimethoxysilane has a bonding stmcture of silicon to benzene 
nucleus, PhenyltrimethoxysUane is reacted with' an oxidant to form a silica 
film including benzene nucleuses. Phenyltrimethoxysilane is in a liquid 
state at room temperature. Phenyltrimethoxysilane has a boiling point of 
169t:. Phenyltrimethoxysilane in liquid state is first filled in a stainless 
cylinder for vacuuming the stainless cylinder and subsequent heating the 
stainless cylinder, The_source gas introduction system 34 including the 
mass flow controller and the quartz reaction chamber 31 are also heated for 
prevention of condensation of phenyltrimethoxysilane so as to allow 
phenyltrimethoxysilane in gas state to be fed through the source gas 
introduction system 34 into the quartz reaction chamber 31. Silane and 
oxygen are also fed through the source gas introduction system 34 into the 
quartz reaction chamber 31. 
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Each of the silicon substrates 33 comprises a silicon wafer 
covered by an aluminum layer and is placed on the substrate holder 32. The 
low pressure chemical vapor deposition is carried out under the following 
conditions. A flow rate of silane is varied in the range of 0 seem to 50 seem. 
A flow rate of phenyltrimethoxysilane is also varied in the range of 0 seem 
to 50 isccm. A flow rate of oxygen is set 100 seem. A pressure is set 0.5 
Ton. A reaction tube temperature adjacent to the sample is maintained at 
SOCC . The substrate temperature is maintained at 300*C . 

A measurement of an infrared absoiption spectrum is made in 
order to confirm whether or not the silane insulation film does include 
benzene nucleuses. Absorption lines appear at wave numbers of about 1450 
cm-^, 1500 cm-i and 1600 cm-^. Those absorption lines show absorptions of 
infrared ray due to the benzene nucleuses- No hydrocarbon composition 
other than benzene nucleus could be detected. The above matters show that 
if phenyltrimethoxysilane having a bonding structure of silicon with 
benzene nucleuses is used as a source gas for the low pressure chemical 
vapor deposition method, then the silica film having the benzene nucleuses 
is formed. In accordance with the above infrared absorption spectrum, no 
Si-OH bonding due to moisture in the silica film is detected. This means 
that the silica film is free of residual moisture. 

. Further, the flow rates of phenyltrimethoxysilane and silane are 
changed for the further low pressure chemical vapor depositions of the 
other silica films so that compositions of the silica film and dielectric 
constants thereof are measured. For measuring each of the dielectric 
constants of the silica films, an additional electrode is provided on the silica 
film having the benzene nucleuses so that a capacity between the additional 
electrode and the substrate is measured. From the above analysis of the 
compositions of the silica film, it could be understood that if only silane is 
used for the low. pressure chemical vapor deposition, then the silica film 
includes no benzene nucleuses. If a flow rate ratio of 
phenyltrimethoxysilane having a bonding stracture of silicon with benzene 
nucleus is increased, then a ciarbon content of the silica film is also 
increased. This means that If the flow rate ratio of phenyltrimethoxysilane 
having the bonding stmcture of silicon with benzene nucleus is increased, 
then an amount of benzene nucleus in the silica film is also increased. If 
only phenyltrimethoxysilane is used without use of silane for the low 
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pressure chemical vapor deposition, then the silica film has a carbon 
content of about 30at%, As a result of measuring the dielectric constant of 
the silica film, it is also understood that if the carbon content of the silica 
film is increased, then the dielectric constant of the silica film is decreased. 
For example, if silane only is used, then the silica film has a dielectric 
constant of h r =4 which almost coiresponds to the dielectric constant of 
silica. The increase in flow rate ratio of phenyltrimethoxysilane to silane 
results in a decrease in dielectric constant of the silica film. If 
phenyltrimethoxysilane only is used for the low pressure chemical vapor 
deposition, then the silica film has a dielectric constjmt of £ r =3, 

The above experimental results show that it is possible to form 
the silica film including the benzene nucleuses by use of 
phenyltrimethoxysilane having a bonding structure of silicon with benzene 
nucleuses as the source gas. It is also possible to control the content of 
benzene nucleuses in the silica film by controlling the amoimt of 
phenyltrimethoxysilane. Namely, the increase in the amount of 
phenyltrimethoxysilane results in an increase in amount of the benzene 
nucleuses in the silica film, whereby the dielectric constant of the silicas, 
film is decreased. If phenyltrLmethoxy silane is used alone for the low 
pressure chemical vapor deposition, then the carbon content of the silica 
film is about 30at% and the dielectric constant thereof is about £ r =3, 
Further, phenyltrimethoxysilane in a gas state is fed to the reaction chamber 
for subsequent low pressure chemical vapor deposition, for which reason it 
is possible to form the silica film including the benzene nucleuses free of 
substantive residual impurity, particularly residual moisture. Furtherinore, 
the benzene nucleuses with strong bonding in the silica film are stable 
among organic polymers to provide the silica film with a stability at high 
temperature. . 

In this embodiment, a single substrate is treated in the single low 
pressure chemical vapor deposition process. Notwithstanding, it is also 
possible that a plurality of substrates are treated in the single low pressure 
chemical vapor deposition process. It was confirmed that the batch^process 
of the low pressvure chemical vapor deposition of a plurality of substrates 
provides substantially the. same silica Sims as when the single wafer low 
pressure chemical vapor deposition process is carried out. 
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FTKTH RMT^nnTMFNT r 

A jSfth embodiment according to the present invention will be 
described in detail, wherein there is provided a method of forming a silica 
film including benzene nucleuses with a reduced dielectric constant over a 
silicon substrate by a chemical vapor deposition method. The same 
parallel-plate plasma chemical vapor deposition system as used in the first 
embodiment and illustrated in FIG. 1 is used. Detailed descriptions thereof 
will be omitted. 

In this fifth embodiment, instead of phenyltrimethylsilane, 
toluene is used. Namely, toluene, silane and oxygen are used as source 
gases for formation of a silica insulation film by a plasma chemical vapor 
deposition method. The individual source gases are subjected to flow rate 
controls by a mass flow controller not illustrated for subsequent 
introductions thereof through the source gas introduction system 26 into the 
reaction chamber 21. Toluene is an aromatic compotmd with benzene ring 
free of a bonding structure of silicon to benzene nucleus. Toluene is reacted 
with an oxidant with a silicon source gas to form a silica fQm including 
benzene nucleuses. Toluene is in a liquid state at room temperature. 
Toluene in liquid state, is first filled in a stainless cylinder for vacuuming 
the stainless cylinder and subsequent heating the stainless cylinder up to 
about sot:. The source gas introduction system 26 including the mass flow 
controller and the reaction chamber 21 are also heated up to about lOO^C 
for prevention of condensation of toluene so as to allow toluene in gas state 
to be fed through the source gas introduction system 26 into the reaction 
chamber 21. Silane and oxygen are also fed through the source gas 
introduction system 26 into the reaction chamber 21 . 

The silicon substrate 24 comprises a silicon wafer covered by an 
aluminum layer and is placed on the bottom electrode 23. The parallel-plate 
plasma chemicaL vapor deposition is carried out under the following 
conditions- A flow rate of silane is varied in the range of 10 seem to 50 
seem. A flow rate of toluene is also varied in the range of 0 seem to 10 
seem- A flow rate of oxygen is set 100 seem. A pressure is set 0.1 Torr. A 
high frequency power of 5 COW is applied to the top electrode 22, The 
substrate temperature is maintained at 300t:. 

A measurement of an infrared absorption spectmm is made in 
order to confirm whether or not the silane insulation film does include 



Page 39 



Pf-2083/nec/us/mh 



benzene nucleuses. As a result of the measurement of the infrared 
absorption spectrunij it was confirmed that absorption lines appear which 
show absorptions of infrared ray due to the benzene nucleuses. No 
hydrocarbon composition other than benzene nucleus could be detected. 
The above roatters show that if toluene as an aromatic compound with 
benzene nucleus free of a bonding stracture of silicon with benzene nucleus 
is used as a source gas for the plasma chemical vapor deposition method, 
then the silica film having the benzene nucleuses is formed. In accordance 
with the above infrared absorption spectrum, no Si-OH bonding due to 
moisture in the silica film is detected. This means that the silica film is free 
of residual moisture. 

Further, the flow rates of toluene and silane are changed for the 
further plasma chemical vapor depositions of the other silica films so that 
compositions of the silica film and dielectric constants thereof are 
measured. For measuring each of the dielectric constants of the silica films, 
an additional electrode is provided on the silica film having the benzene 
nucleuses so that a capacity between the additicmal electrode and the 
substrate is measured. From the above analysis of the compositions of the 
silica film, it could be understood that if only silantj is used for the plasma 
chemical vapor deposition, then the silica film includes no benzene 
nucleuses. If a flow rate ratio of toluene with benzene nucleus free of a 
bonding structure of silicon with benzene nucleus is increased, then a 
carbon content of the silica film is also increased. This means that if the 
flow rate ratio of toluene having the bonding stmcture of silicon with 
benzene nucleus is increased, then an amount of benzene nucleus in the 
silica film is also increased. If a flow rate of toluene is the same as a flow 
rate of silane for the plasma chemical vapor deposition, then the silica film 
has a carbon content of about 30at%. As a result of measuring the dielectric 
constant of the silica film, it is also understood that if the carbon content of 
the silica film is increased, then the dielectric constant of the silica film is 
decreased. For example, if silane only is used, then the silica film has a 
dielectric constant of £ r =4 which almost corresponds to the dielectric 
constant of silica. The increase in flow rate ratio of toluene to silane results 
in a decrease in dielectric constant of the sOica film. If a flow rate of 
toluene is the same as a flow rate of silane for the plasma chemical vapor 
deposition, then the silica film has a dielectric constant of £ r ==3. 



Page 40 



Pf-2083/nec/us/inh 



The above experimental results show that it is possible to form 
the silica film including the benzene nucleuses by use of toluene with 
benzene nucleus free of a bonding structure of silicon with benzene 
nucleuses as the benzene nucleus source gas together with the silicon 
source gas, for example, silane. It is also possible to control the content of 
benzene nucleuses in the silica film by controlling the amount of toluene. 
Namely, the increase in the amount of toluene results in an increase in 
amount of the benzene nucleuses in the silica film, whereby the dielectric 
constant of the silica film is decreased. If the flow rate of the toluene is set 
at the same as the silane, then the carbon content of the silica film is about 
30at% and the dielectric constant thereof is about £ r -3. Further, toluene in 
a gas state is fed to the reaction chamber for subsequent plasma chemical 
vapor deposition, for which reason it is possible to form the silica film 
including the benzene nucleuses free of substantive residual impurity, 
particularly residual moisture. Furthermore, the benzene nucleuses with 
strong bonding in the silica film axe stable among organic polymers to 
provide the silica film with a stability at high temperature. 

As a modification to this embodiment, it is also available to use 
the aromatic compound with benzene nucleus free of a bonding structure of 
silicon with benzene nucleus, for example, toluene in combination w;ith 
organic polymers having the benzene nucleuses with the bonding stmcture 
of silicon with benzene nucleus, for example, phenyltrimethylsilane or 
phenyltrimethoxysilane. In this case, it is possible to increase the carbon 
content of the silica film up to over 30at% and also reduce the dielectric 
constant thereof down to under e r =3. "In view of keeping a high stability at 
high temperature of the silica film, it might be better to suppress the carbon 
content of the silica film within 30at% because an excess carbon content of 
the silica film might result in difficulty to keep the high stability at high 
temperature even the benzene nucleus is relatively stable due to its strong 
bridge bonding stmcture. 

In this embodiment, toluene is used as the 'benzene nucleus 
source material due to a relatively low boiling point for easy feeding 
thereof to the reaction chamber. Nevertheless, the other aromatic 
compounds with benzene nucleus free of the bonding structure of silicon 
with benzene nucleus are also available such as benzene and xylene. 
Further, the other aromatic compounds are available which have a stmcture 
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of a plurality of benzene nucleuses free of the bonding structure of silicon 
with benzene nucleus, for example, naphthalene, biphenyl and anthracene- 

Moreover, in this embodiment, the plasma chemical vapor 
deposition was carried out by use of the parallel-plate plasma chemical 
vapor deposition apparatus. Notwithstanding, any other plasma chemical 
vapor deposition methods are also available. For example, it was confirmed 
that, for forming the silica film including the benzene nucleuses by use of 
toluene, there are available an electron cyclotron resonance plasma 
cheniical yapor deposition method, a helicon wave plasma chemical vapor 
deposition method, and an inductive coupled plasma chemical vapor 
deposition method. 

gTXTH RMBODTMKNT : 

A sixth embodiment according to the present invention will be 
described in detail, wherein there is provided a method of forming a silica 
film including benzene nucleuses with a reduced dielectric constant over a 
silicon substrate by a chemical vapor deposition method. The same low 
pressure chemical vapor deposition system as used in the third embodiment 
and illustrated in FIG. 3 is used. Detailed descriptions thereof will be 
omitted. 

In this sixth embodiment, instead of phenyltrimethylsilane, 
toluene is used. Namely, toluene, silane and oxygen are used as source 
gases for formation of a silica insulation film by a low pressure chemical 
vapor deposition m:ethod. The individual source gases are subjected to flow 
rate controls by a mass flow controller not illustrated for- subsequent 
introductions thereof through the source gas introduction system 34 into the 
reaction chamber 31. Toluene is an aromatic compound with benzene ring 
free of a bonding structure of silicon to benzene nucleus. Toluene is reacted 
with an oxidant with a silicon source gas to form a silica film including 
benzene nucleuses. Toluene is in a liquid state at room temperature. 
Toluene in liqmd state is first filled in a stainless cylinder for vacuuming 
the stainless cylinder and subsequent heating the stainless cylinder. The 
source gas introduction system 34 including the mass flow controller and 
the reaction chamber 31 are also heated for prevention of condensation of 
toluene so as to allow toluene in gas state to be fed through the source gas 
introduction system 34 into the reaction chamber 21. Silane and oxygen are 
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also fed through the source gas introduction system 34 into the reaction 
chamber 31. 

Each of the silicon substrates 33 comprises a silicon wafer, 
covered by an aluminum layer and is placed on the substrate holder 32. The 
low pressure chemical vapor deposition is carried out under the following 
conditions. A flow rate of silane is varied in the range of 10 seem to 50 
seem. A flow rate of toluene is also varied in the range of 0 seem to 10 
seem. A flow rate of oxygen is set 100 seem. A pressure is set 0.5 Torr, The 
substrate temperature is maintained at SOO'C. 

A measurement of an infrared absorption spectrum is made in 
order to confirm whether or not the silane insulation film does include 
benzene nucleuses. As a result of the measurement of the infrared 
absorption spectrum, it was confirmed that absorption lines appear which 
show absorptions of infrared ray due to the benzene nucleuses. No 
hydrocarbon composition other than benzene nucleus could be detected. 
The above inatters show that if toluene as an aromatic compound with 
benzene nucleus free of a bonding structure of silicon with, benzene nucleus 
. is used as a source gas for the low pressure chemical vapor deposition 
method, then the silica film having the benzeiie nucleuses is formed. In . 
accordance with the above infrared absorption spectrum, no Si-OH bonding 
due to moisture in the siHca film is detected. This means that the siUca film 
is free of residual moisture. 

Further, the flow rates of toluene and silane are changed for the 
further low pressure chemical vapor depositions of the other silica films so 
that compositions of the silica film and dielectric constants thereof are 
measured. For measuring each of the dielectric constants of the silica films, 
an additional electrode is provided on the silica film having the benzene 
nucleuses so that a capacity between the additional electrode and the 
substrate is measured. From the above analysis of the compositions of the 
silica film, it could be understood that if only silane is used for the low 
pressure chemical vapor deposition, then the silica film includes no 
benzene nucleuses. If a flow rate ratio of toluene with benzene nucleus free 
of a bonding structure of siHcon with benzene nucleus is increased, then a 
carbon content of the silica film is also increased. This means that if the 
flow rate ratio of toluene having the bonding structure of silicon with 
benzene nucleus is increased, then an amount of benzene nucleus in the 
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silica film is also increased. If a flow rate of toluene is the same as a flow 
rate of silane for the low pressure chemical vapor deposition, then the silica 
film has a carbon content of about 30at%. As a result of measuring the 
dielectric constant of the siUca film, it is also understood that if the carbon 
content of the silica film is increased, then the dielebtric constant of the 
silica film is decreased. For example, if silane only is used, then the siHca 
film has a dielectric constant of er =4 which almost corresponds to the 
dielectric constant of silica. The increase in flow rate ratio of toluene to 
silane results in a decrease in dielectric constant of the silica film. If a flow 
rate of toluene is the same as a flow rate of silane for the low pressure 
chemical vapor deposition, then the silica film has a dielectric constant of e 

r=3. ^ 

The above experimental results show that it is possible to form 
the silica film including the benzene nucleuses by tisei of toluene with 
benzene nucleus free of a bonding structure of silicon with benzene 
nucleuses as the benzene nucleus source gas together with the silicon 
source gas, for example, silane. It is also possible to control the content of 
benzene nucleuses in the silica film by controlling the amount of toluene. 
Namely, the increase in the amount of toluene reimlts in an increase in 
amount of the benzene nucleuses in the silica film, whereby the dielectric 
constant of the sQica film is decreased. If the flow rate of the toluene is set 
at the same as the silane, then the carbon content of the silica film is about 
30at% and the dielectric constant thereof is about £ r =3. Further, toluene in 
a gas state is fed to the reaction chamber for subsequent low pressure 
chemical vapor deposition, for which reason it is possible to form the silica 
film including the benzene nucleuses free of substantive residual impurity, 
particularly residual moisture. Furthermore, the benzene nucleuses with 
strong bonding in the silica fihn are stable among organic polymers to 
provide the silica film with a stability at high temperature. 

As a modification to this embodiment, it is also available to use 
the aromatic compound with benzene nucleus free of a bonding structure of 
silicon with benzene nucleus, for example, toluene itf combination with 
organic polymers having the benzene nucleuses with the bonding stmcture 
of silicon with benzene nucleus, for example, phenyltrimethylsilane or 
phenyltrimethoxysilane. In this case, it is possible to increase the carbon 
content of the silica film up to over 30at% and also reduce the dielectric 
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constant thereof down to under £ i =3. In view of keeping a high stability at 
high temperature of the silica film, it might be better to suppress the carbon 
content of the silica film within 30at% because an excess carbon content of 
the silica film might result in difficulty to keep the high stabiUty at high 
temperature even the benzene nucleus is relatively stable due to its strong 
bridge bonding structure. 

In this embodhnent, toluene is used as the benzene nucleus 
source material due to a relatively low boiling . point for easy feeding 
thereof to the reaction chamber. Nevertheless, the other aroniatic 
compounds with benzene nucleus free of the bonding structure of silicon 
with benzene nucleus are also available such as benzene and xylene. 
Further, the other aromatic compounds are available which have a structure 
of a plurality of benzene nucleuses free of the bonding structure, of silicon 
with benzene nucleus, for example, naphthalene, biphenyl and anthracene. 

A seventh embodiment according to the present invention will be 
described in detail, wherein there is provided a metliod of forming a silica 
film including pores which have been formed by e^ifpination of benzene 
nucleuses from the silica film which had been formed in the same chemical 
vapor deposition method as in the first embodiment. The silica film 
including pores has a lower dielectric constant than the silica film having 
the benzene nucleuses. The same parallel-plate plasma chemical vapor 
deposition system as used in the first embodiment is also used in this 
embodiment. Detailed descriptions thereof will be omitted. 

In this seventh embodiment, phenyltrimethylsilane and oxygen 
are used as source gases for formation of a silica insulation film by a 
plasma chemical vapor deposition method. The individual source gases are 
subjected to flow rate controls by a mass flow controller not illustrated for 
subsequent introductions thereof through the source gas ^introduction 
system 26 into the reaction chamber 21. Phenyltrimethylsilane has a 
bonding structure of silicon to benzene nucleus. Phenyltrimethylsilane is 
reacted with an oxidant to form a silica film including benzene nucleuses. 
Phenyltrimethylsilane is in a liquid state at room temperature. 
Phenyltrimethylsilane has a boiling point of 169^:. Phenyltrimethylsilane 
in liquid state is first filled in a stainless cylinder for vacuuming the 
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Stainless cylinder and subsequent heating the stainless cylinder up to about 
loot:- The source gas introduction system 26 including the mass flow 
controller and the reaction chamber 21 are also heated up to about 150X:. 
for prevention of condensation of phenyltrimethylsilane so as to allow 
phony Itrimethylsilane in gas state to be fed through the source gas 
introduction system 26 into the reaction chairiber 21. Oxygen is also fed 
through the source gas introduction system 26 into the reaction chamber 
21. 

The silicon substrate 24 comprises a silicon wafer covered by a 
copper layer and is placed on the bottom electrode 23. The parallel-plate 
plasma chemical vapor deposition is carried out urider the following 
conditions. A flow rate of phenyltrimethylsilane is set at 50 seem. A flow 
rate of oxygen is set 100 seem. A pressure is set 0.1 Torr. A high frequency 
power of 500W is applied to the top electrode 22. The substrate 
temperature is maintained at 300*C- 

As a result of the above plasma chemical vapor deposition, the 
silica film including the benzene nucleuses is formed oyer the substrate. 
Since the conditions for this plasma chemical vapor deposition method are 
the same as in the first embodiment to obtain the silica film having a 
carbdn content of iabbut 30a:t% and a dielectric constant of s ir =3, then the 
silica film which is formed in this embodiment is also expected to have a 
carbon content of about 30at% and a dielectric constant of e r =3. 

Following to the above plasma chemical vapor deposition of the 
silica film including the benzene nucleuses, the silica film is then subjected 
to a heat treatment or -an anneal in a vacuum for causing an elimination 
reaction of benzene nucleuses from the silica film. The temperature is 
increased with monitoring components eliminated from the silica film. It 
was confirmed that the elimination reaction of benzene nucleuses from the 
silica film is initiated at a temperature of about 450'C. In this embodiment, 
the temperature was increased to and kept at SOO^C so that only benzene 
"Inucleuses are selectively eliminated firom the silica film but no elimination 
of other components than benzene nucleuses from the silica film could be 
observed. The selective elimination of the benzene nucleuses from the 
silica film results in formation of a porous silica film. Namely, the silica 
film includes many pores which have been formed by the elimination of the 
benzene nucleuses from the silica film. 
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A measurement of a dielectric constant of the silica film was 
made. It was confirmed that the silica film iDcluding many pores has a 
dielectric constant of e r = 2.5 which is lower than the sUica films havmg 
the benzene nucleuses formed in the foregding embodiments. This means 
that the elimination of the benzene nucleuses from the siUca film to form 
the many pores in the siHca film results in a further reduction in dielectric 
constant of the silica film. A density of the porous silica film is lower than 
a density of the silica film including the benzene nucleuses. It may be 
considered that the reduction in density of the silica film results in drop of 
the dielectric constant thereof. The elimination of benzene nucleuses from 
the silica film to form the porous silica fihn resuhs in the reductions in 
dielectric constant and density of the silica film. It was confirmed that 
properties other than density, dielectric constant and refractive index of the 
silica film substantiaUy remain unchanged by the elinunation of benzene 
. nucleuses. It was farther confirmed that the properties of the porous silica 
film formed by the elimination of the benzene nucleuses also remain 
unchanged by a heat treatment of at least not higher than 600=C. 

As a modification to this embodiment, it is possible to carry out 
the anneal in an mert gas atmosphere such as an argon atmosphere or a 
nitrogen atmosphere, instead of the vacuum, for the elimmation of the 

benzene nucleuses. 

As a further modification to this embodiment, it is also possible 
to use pbenyltrimethoxysUane, instead of phenyltrimethylsilane, as the 
benzene nucleus source material. In place of the organic polymers having 
the benzene nucleus with a bonding stmcture of silicon with benzene 
nucleus such as phenyltrimethoxysilane and phenyltrimethylsilane, it is 
also possible to use, along with the silicon source gas, other organic 
polymers having the benzene nucleus free of a bonding structure of silicon 
with benzene nucleus, such as toluene, benzene, xylene, naphthalene, 

biphenyl_and anthracene. 

As a furthermore modification to this embodiment, it is also 
possible to carry out a low pressm-e chemical vapor deposition method, 
instead of the plasma chemical vapor deposition. 

As moreover modification to this embodiment, it is also possible 
to remove the benzene nucleuses from the silica film by use of a 
combustion reaction in an oxygen atmosphere instead of the above 
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elimination reaction. 



An eighth embodiment accoiding to the present invention will be 
described in detaU, wherein there is provided a method of forming a silica 
film Including pores which have been formed by elimination of benzene 
nucleuses from the silica film during a high temperature plasma chemical 
vapor deposition method. The silica film including pores has a lower 
dielectric constant than the silica film having the benzene nucleuses. The 
same parallel-plate plasma chemical vapor deposition system as used in the 
first embodiment is also used in this embodiment. Detailed descriptions 

thereof will be omitted. . , 

In this eighth embodiment, phenyltrimethylsilane and oxygen are 
used as source gases for formation of a sUica insulation film by a plasma 
chemical vapor deposition method. The individual source gases are 
subjected to flow rate controls by a mass flow controller not illustraied for 
subsequent introductions thereof through the source gas mtroduction 
system 26 into the reaction chamber 21. Phenyltrimethylsilane has a 
bonding structure of sUicon to benzene nucleus. Phcnyltrimethylsilaiie is 
reacted with an oxidant to form a silica film including benzene nucleuses. 
Phenyltrimethylsilane is in a liquid state at room temperature. 
Phenyltrimethylsilane has a boiling point of 169X:. Phenyltrimethylsilane 
in liquid state is first filled in a stainless cylinder for vacuuming the 
stainless cylinder and subsequent heating the stainless cylinder up to about 
100*C The source gas introduction system 26 including_the mass flow 
controller and the reaction chamber 21 are also heated for prevention of 
condensation of phenyltrimethylsilane so as to allow phenyltrimethylsilane 
in gas state to be fed through the source gas introduction system 26 mto the 
reaction chamber 21. Oxygen is also fed through the source gas 
introduction system 26 into the reaction chamber 21. 

Hie smcon substrate 24-comprises a siHcon wafer covered by a 
copper layer and is placed on the bottom electrode 23. The parallel-plate 
plasma chemical vapor deposition is carried out under the following 
conditions. A flow rate of phenyltrimethylsilane is set at 50 seem- A flow 
rate of oxygen is set 100 seem. A pressure is set 0.1 Torr. A high frequency 
power of 500W is appUed to the top electrode 22. The substrate 
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temperature is maintained at SOOX: so as to cause the elimination reaction 
of the benzene nucleuses in the chemical vapor deposition process. As 
described above in the seventh embodiment, the elimination reaction of the 
benzene nucleuses from the silica film is initiated at 450%:. The chemical 
vapor deposition by keeping the substrate temperature at about SOQ-C 
causes the selective eUmination reaction of the benzene nucleuses without 
any further elimination of other components than benzene nucleuses. 

As a result of the above plasma chemical vapor deposition, the 
silica film including pores is formed over the substrate. 

A measurement of a dielectric constant of the silica film was 
made. It was confirmed that the siHca film including many pores has a 
dielectric constant of e r = 2.5 which is lower than the sUica fUms havmg 
the benzene nucleuses formed in the foregoing embodiments. This means 
that the elimination of the benzene nucleuses to form the many pores m the 
silica film results in a further reduction in dielectric constant of the sikca 
fihn. A density of the porous sUica film is lower than a density of the silica 
film including the benzene nucleuses. It may be considered that the 
reduction in density of the silica film results in drop of the dielectric 
constant thereof. The elimination of benzene nucleuses at the same time 
when the silica fUm is formed by the chemical vapor deposition results m 
the reductions in dielectric constant and density of the sUica film. It was 
confirmed that the properties of the porous silica film formed by the 
elimination of the benzene nucleuses during the chemical vapor deposition 
also remain unchanged by a heat treatment of at least not higher than 
600*0. 

As a modification to this embodiment, it is also possible to use 
phenyltrimethoxysilane, instead of phenyltrimethylsilane, as the benzene 
nucleus source material. In place of the organic polymers having the 
benzene nucleus with a bonding structure of silicon with benzene nucleus 
such as phenyltrimethoxysilane and phenyltrimethylsilane^ it is also 
possible to use, along with the silicon source gas, other organic polymers 
having the benzene nucleus free of a bonding stmcture of silicon with 
benzene nucleus, such as toluene, benzene, xylene, naphthalene, biphenyl 
and anthracene. 

As a further modification to this embodiment, it is also possible 
to carry out a low pressure chemical vapor deposition method, instead of 
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the plasma chemical vapor deposition. 

^fTKrm RMBOr)TMF.NT ; 

A ninth embodiment according to the present invention will be 
described in detail wherein there is provided a semiconductor device with a 
multi-level interconnection structure which has a silica inter-layer insulator 
including benzene nucleuses with a reduced dielectric constant formed by a 
chemical vapor deposition method. FIG. 4 is a fragmentary cross sectional, 
elevation view illustrative of a semiconductor device with a multi-level 
interconnection structure which has a silica film including benzene 
nucleuses with a reduced dielectric constant. 

A silicon substrate 1 has an active region. An insulation layer 2 
made of phospho-silicate glass is provided which extends over the silicon 
substrate 1. First level interconnection layers 3 are provided over the 
insxilation layer 2, wherein the first level interconnection layers 3 are 
electrically connected to the active region of the siucon substrate through 
contact holes formed in the insulation layer 2. The first level 
interconnection layers 3 are made of Al-Si-Cu alloy. The first level 
interconnectioh layers 3 have a minimum width of U.:i5 micrometers and a 
uniform thickness of 0.7 micrometefs. Via plugs 5 made of tungsten are 
provided on the first level interconnection layers 3. A silica inter-layer 
insulator 4a is provided over the insulation layer 2 except over the via plugs 
5 and the first level interconnection layers 3. The silica inter-layer insulator 
4a includes benzene nucleuses and has a lower dielectric constant than a 
dielectric constant of the normal silica insulation. The silica inter-layer 
insulator 4a has a thickness of 0.5 micrometers. Second level 
interconnection layers 6 are provided over the silica inter-layer insulator 4a, 
wherein the second level interconnection layers 6 are electrically connected 
to the first level interconnection layers 3 through the via plugs 5, The 
second level interconnection layers 6 are made of Al-Si-Cu alloy. The 
second level interconnection layers 6 have a minimum width of 0.25 
micrometers and a uniform thickness of 0.7 micrometers. 

A method of forming the above semiconductor device with the 
multi-level interconnection structure which has the silica inter-layer 
insulator including benzene nucleuses with a reduced dielectric constant 
will be described with reference to FIGS. 5 A through 5H. 
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With reference to FIG. 5A, a silicon substrate 1 is prepared, 
■which has an active region not illustrated. 

With reference to FIG. 5B, an insulation layer 2 made of 
phospho-silicate glass is formed over the silicon substrate 1 by the known 
method. Contact holes not illustrated are formed in the insulation layer 2. 
Contact metal layers are then formed within the contact holes. 

With reference to FIG. 5C, an Al-Si-Cu alloy layer is entirely 
deposited over the insulation layer 2 by a sputtering method so that the Al- 
Si-Cu alloy layer has a thickness of 0.7 micrometers. The Al-Si-Cu alloy 
layer is then patterned by a photo-Uthography technique to fonn first level 
interconnection layers 3 over the insulation layer 2, wherein the first level 
interconnection layers 3 are in contact with the contuct metal layers so that 
the first level interconnection layers 3 are electrically connected through 
the contact metal layers to the silicon substrate 1. . 

With reference to HG. 5D, a silica inter-layer insulator 4a 
including benzene nucleuses is entirely deposited over the insulation layer 
2 and the first level interconnection layers 3 by the same plasma chemical 
vapor deposition method as used in the first einbodiihent. The same 
parallel-plate plasma chemical vapor deposition system as used in the first 
embodiment is also used in this embodiment. Detailed descriptions thereof 
will be omitted. 

In this embodiment, phenyltrimethylsilane, silane and oxygen are 
used as source gases for formation of a silica insulation film by a plasma 
chemical vapor deposition method. The individual source gases are 
subjected to flow rate controls by a mass flow controller not illustrated for 
subsequent introductions thereof through the source gas introduction 
system 26 into the reaction chamber 21. Phenyltrimethylsilane has a 
bonding structure of silicon to benzene nucleus. Phenyltrimethylsilane is 
reacted with an oxidant to form a silica inter-layer insulator including 
benzene nucleuses. Phenyltrimethylsilane is in a liquid state at roorri 
temperature. Phenyltrimethylsilane has a boiling point of 169 "C . 
Phenyltrimethylsilane in liquid state is first filled in a stainless cylinder for 
vacuuming the stainless cylinder and subsequent heating the stainless 
cylinder up to about 100 "C. The source gas introduction system 26 
including the mass flow controller and the reaction chamber 21 are also 
heated up to about 150 for prevention of condensation of 
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phenyltrimethylsilane so as to allow phenyltrimethylsilane in gas state to be 
fed through the source gas introduction system 26 into the reaction 
chamber 21. Silane and oxygen are also fed through the source gas 
introduction system 26 into the reaction chamber 21. 

The parallel-plate plasma chemical vapor deposition is carried 
out under the following conditions. A flow rate of silane is varied in the 
range of 0 seem to 50 seem. A flow rate of phenyltrimethylsilane is also 
varied in the range of 0 seem to 50 seem. A flow rate of oxygen is set 100 
seem. A pressure is set 0.1 Ton. A high frequency power of 500W is 
applied to the top electrode 22. The substrate tempeiatvire is maintained at 
300^. 

Further, the flow rates of phenyltrimethylsilane and sUane are 
changed for the further plasma chemical vapor depositions of the other 
silica inter-layer insulators 4 so that compositions of the. silica inter-layer 
insulators 4 and dielectric constants thereof are measured. For measuring 
each of the dielectric constants of the silica inter-layer insulators 4, an 
additional electrode is provided on the silica inter-layer insulator 4a having 
the benzene nucleuses so that a capacity between the additional electrode 
and the substrate is measured. From the above analysis of the compositions 
of the silica inter-layer insulator 4a, it could be Understood that it only 
silane is used for the plasma chemical vapor deposition, then the silica 
inter-layer insulator 4a includes no benzene nucleuses. If a flow rate ratio 
of phenyltrimethylsilane having a bonding structure of silicon with benzene 
nucleus is increased, then a carbon content of the silica inter-layer insulator 
4a is "also mcreased. This means that If the flow rate ratio of 
phenyltrimethylsilane having the bonding structure of silicon with benzene 
nucleus is increased, then an amount of benzene nuclexis in the silica inter- 
layer insulator 4a is also increased. If only phenyltrimethylsilane Is used 
without use of silane for the plasma chemical vapor deppsition, then the 
silica inter-layer insulator 4a has a carbon content of about 30at%. As a 
result of measuring the dielectric constant of the silica inter-layer insulator 
4a, it is also understood that if the carbon content of the silica inter-layer 
insulator 4a is increased, then the dielectric constant of the silica inter-layer 
insulator 4a is decreased. For example, if silane only is used, then the sUica 
inter-layer insulator 4a has a dielectric constant of e r =4 which almost 
corresponds to the dielectric constant of silica. The increase in flow rate 
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ratio of phenyltrimethylsilane to silane results in a decrease in dielectric 
constant of the silica inter-layer insulator 4a. If phenyltrimethylsilane only 
is used for the plasma chemical vapor deposition, then the silica inter-layer 
insulator 4a has a dielectric constant of e r =3. , . 

The above experimental results show that it is possible to form 
the silica inter-layer insulator 4a including the benzene nucleuses by use of 
phenyltrimethylsilane having a bonding structure of silicon with benzene 
nucleuses as the source gas. It is also possible to control the content of 
benzene nucleuses in the silica inter-layer insulator 4a by controlUng the 
amount of phenyltrimethylsilane. Namely, the increase in the amount of 
phenyltrimethylsilane results in an increase in amount of the benzene 
nucleuses in the siUca inter-layer insulator 4a, whereby the dielectric 
constant of the silica inter-layer insulator 4a is decreased. If 
phenyltrimethylsilane is used alone for the plasma chemical vapor 
deposition, then the carbon content of the silica inter-layer insulator 4a is 
about 30at% and the dielectric constant thereof is about e r =3. Further, 
phenyltrimethylsilane in a gas state is fed to the reaction chamber for 
subsequent plasma chemical vapor deposition, for which reason it is 
p6ssibl6 to form the silica inter-layer insulator 4a including the benzene 
nucleuses free of substantive residual impurity, particularly residual 
moisture. Furthermore, the benzene nucleuses with strong bonding in the 
silica inter-layer insulator 4a are stable among organic polymers to provide 
the silica inter-layer insulator 4a with a stability at high temperature. 

The thickness of the silica inter-layer insulator 4a including the 
benzene nucleuses is about 1.5 micrometers. Even an aspect ratio of the 
aperture between the adjacent two of the first level interconnection layers 3 
is about 3-4, the silica inter-layer insulator 4a including the benzene 
nucleuses could be buried into the aperture between the adjacent two of the 
first level interconnection layers 3 vvithout formation of aiiy voids. It may 
be considered that the inclusion of the organic polymers, for examiple, 
benzene nucleuses in the silica inter-layer insulator allows the silica ihter- 
layer insulator 4a to be buried into the aperture of relatively high aspect 
ratio. Namely, the silica inter-layer insulator including the benzene 
nucleuses has a good gap filling property. 

The above silica inter-layer insulator 4a has an upper surface 
which has almost the same difference in level as the thickness of the first 
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level interconnection layers 3. 

With reference to FIG. 5E, a planarization of the uneven upper 
surface of the above silica inter-layer insulator 4a is made by use of a 
chemical mechanical polishing method, wherein alkaline slurry is used. 
The above siUca inter-layer insulator 4a is polished by about 1 niicrometers 
so as to obtain an exactly planaiized upper surface of the silica inter-layer 
insulator 4a. 

With reference to HG. 5F, a photo-resist film is entirely applied 
on the exacUy planarized upper surface of the silica inter-layer insulator 4a 
for subsequent patterning thereof by use of a photo -lithography technique 
to form a photo-resist pattern. The photo-resist pattern is used as a mask for 
a dry etching process using CF4 gas in order to form via holes in the above 
silica inter-layer insulator 4a and over the first level interconnection layers 

3. : . . . 

With reference to FIG. 5G, a selective cheimcal vapor deposition 
of tungsten layer is carried out to have tungsten via plugs 5 buried within 
the via holes. 

With reference to FIG. 5H, an Al-Si-Cu alloy layer is entirely 
deposited over the above silica inter-layer insulator 4a and the tungsten via 
plugs 5 by a sputtering method so that the Al-Si-Cu alloy layer has a 
thickness of 0.7 micrometers. The Al-Si-Cu alloy layer is then patterned by 
a photo-lithography technique to form second level interconnection layers 6 
over the above silica inter-layer insulator 4a and the tungsten via plugs 5, 
wherein the second level interconnection layers 6 are in contact with the 
tungsten via plugs 5 so that the second level interconnection layers 6 are 
electrically connected through the tungsten via plugs 5 to the first level 
interconnection layers 3. 

As describe above, the above silica inter-layer insulator 4a 
including the benzene nucleuses has a good gap filling property which 
allows the silica inter-layer insulator 4a to be buried into the aperture Of 
relatively high aspect ratio between adjacent two of the first level 

interconnection layers 3. 

Further, the above silica inter-layer insulator 4a including the 
benzene nucieuses has a good adhesion with both the first and second level 
interconnection layers 3 and 6. 

Furthermore, as described in the eighth and ninth embodiments. 
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the elimination reaction of benzene nucleuses from the siHca inter-layer 
insulator 4a is initiated at about 450^:. This means that the benzene 
nucleuses included in the silica inter-layer insulator 4a are stable at a 
temperature of not higher than about 450'C. There is no problem if any heat 
treatments are carried out at temperatures of not higher than about 4S0'C 
after the silica inter-layer insulator 4a have been formed. 

Moreover, if the heat treatment is carried out after the silica intex- 
layer insulator 4a have been formed, then no reaction is caused between 
metals in the first or second level interconnection layers 3 or 6 with the 
benzene nucleuses included in the sUica inter-layer insulator 4a. 

Since the silica inter-layer insulator 4a including benzene 
nucleuses has a low dielectric constant, then such the sUica inter-layer 
insulator 4a makes the semiconductor device free from conventional 
serious problem with substantive delay in signal transmission on the 
interconnections due to a large parasitic capacitance between the 
interconnections and with crosstalk of signals on the adjacent two 
interconnections. 

. In this embodiment, the plasma chemical '^'apor deposition was 
carried out by use of the parallel-plate plasma chem.ical vapor deposition 
apparatus. Notwithstanding, any other plasma cheinical vapor deposition 
methods are also available. For example, it was conlirmed that, for forming 
the silica film including the benzene nucleuses by use of 
phenyltrimethylsilane, there are available an electron cyclotron resonance 
plasma chemical vapor deposition method, a helicon wave plasma chemical 
vapor deposition method, and an inductive coupled plasma chemical vapor 
deposition method. 

As a roodij5cation to this embodiment, it is also possible to use 
phenyltrimethoxysilane, instead of phenyltrimethylsilane, as the benzene 
nucleus source material. In place of the organic polymers haying the 
benzene nucleus With a bonding structure of silicon with benzene nucleus 
such as phenyltrimethoxysilane~and phenyltrimethylsilaneT it is also 
possible to use, along with the silicon source gas, other organic polymers 
having the benzene nucleus free of a bonding structure of silicon with 
benzene nucleus, such as toluene, benzene, xylene, naphthalene, biphenyl 
and anthracene. 

As a further modification to this embodiment, it is also possible 
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to carry out a low pressure chemical vapor deposition method, instead of 
the plasma chemical vapor deposition. 

TFNTTH F.MBODTMBNT : 

A tenth embodiment according to the present invention will be 
described in detail wherein there is provided a semiconductor device with a 
multi-level interconnection structure which has a silica inter-layer insulator 
including benzene nucleuses vdth a reduced dielectric constant formed by a 
chemical vapor deposition method. FIG. 6 is a fragmentary cross sectional 
elevation view iDustrative of a semiconductor device with a multi-level 
interconnection structure which has a silica inter-layer insulator with a 
reduced dielectric constant. 

A silicon substrate 1 has an active region. An insulation layer 2 
made of phbspho-silicate glass is provided which extends over the silicon 
substrate 1. First level interconnection layers 3 are provided over the 
insulation layer 1, wherein the first level interconnection layers 3 are 
electrically connected to the active region of the silicon substrate through 
contact Holes formed in the insulation layer 2. The first level 
interconnection layers 3 arc made of Al-Si-Cu aUoy. The first level 
interconnection layers 3 have a minimiim width of 0.25 micrometers and a 
uniform thickness of 0.7 micrometers. Via plugs 5 made of tungsten are 
provided on the first level interconnection layers 3. A silica inter-layer 
insulator 4b is provided over the insulation layer 2 except over the via 
plugs 5 and the first level interconnection layers 3. The silica inter-layer 
insulator 4b includes pores having been formed by elimination of benzene 
nucleuses from the silica inter-layer insulator. The porous silica inter-layer 
insulator 4b has a lower dielectric constant than a dielectric constant of the 
silica insulation including the benzene nucleuses. The porous silica inter- 
layer insulator 4b has a thickness of 0.5 micrometers. Second level 
interqoimection layers 6 are provided ov6r the porous silica inter-layer 
insulator 4b, wherein the second level iiiterconnection layers 6 are 
electrically connected to the first level interconnection layers 3 through the 
via plugs 5. The second level interconnection layers 6 are made of Al-Si- 
Cu alloy. The second level interconnection layers 6 have a minimum width 
of 0.25 micrometers and a uniform thickness of 0.7 micrometers. 

A method of forming the above semiconductor device with the 
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multi-level intercoimectioii structure which has the silica inter-layer 
insulator including benzene nucleuses ^vith a reduced dielectric constant 
will be described with lefeience to FIGS. 7A through 7H. 

"VVith reference to FIG. 7A, a silicon substrate 1 is prepared, 
which has an active region not illustrated. . 

With reference to FIG. 7B, an insulation layer 2 made of 
phospho-silicate glass is formed over the silicon substrate 1 by the known 
method. Contact holes not illustrated are formed in the insulation layer 2. 
Contact metal layers are then formed within the contact holes. 

With reference to FIG. 7C, an Al-Si-Cu alloy layer is entirely 
deposited over the insulation layer 2 by a sputtering method so that the Al- 
Si-Cu alloy layer has a thickness of 0.7 micrometers. The Al-Si-Cu alloy 
layer is then patterned by a photo-lithography technique to form first level 
interconnection layers 3 over the insulation layer 2, wherein the first level 
interconnection layers 3 are in contact with the contact metal layers so that 
the first level interconnection layers 3 are electrically connected through 
the contact metal layers to the silicon substrate 1. 

With reference to FIG. 7D, a porous silica inter-layer insulator 4b 
including pores is entirely deposited over the insulation layer 2 and the first 
level iriterconnection layers 3 by the same plasma chemical vajpor 
deposition method as used in the seventh embodiment. The same parallel- 
plate plasma chemical vapor deposition system as used in the seventh 
embodiment is also used in this embodiment. Detailed descriptions thereof 
will be omitted. 

In this embodiment, phenyltrimethylsilane and oxygen are used 
as source gases for formation of a silica insulation film by a plasma 
chemical vapor deposition method. The individual source gases are 
subjected to flow rate controls by a mass flow controller not illustrated for 
subsequent introductions thereof through the source gas introduction 
system 26 into the reaction chamber 21. Phenyltrimethylsilane has a 
bonding structure of silicon to benzene nucleus. Phenyltrimethylsilane is 
reacted with an oxidant to form a silica inter-layer insulator including 
benzene nucleuses. Phenyltrimethylsilane is in a liquid state at room 
temperature. Phenyltrimethylsilane has a boiling point of 169 "C . 
Phenyltrimethylsilane in liquid state is first filled in a stainless cylinder for 
vacuuming the stainless cylinder and subsequent heating the stainless 
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cylinder up to about 100 *C. The source gas introduction system 26 
including the mass flow controller and the reaction chamber 21 are also 
heated up to about 150 for prevention of condensation of. 
phenyltrimethylsilane so as to allow phenyltrimethylsilane in gas state to be 
fed through the source gas introduction system 26 into the reaction 
chamber 21. Oxygen is also fed through the source gas introduction system 
26 into the reaction chamber 21. 

The parallel-plate plasma chemical vapor deposition is carried 
out under the following conditions. A flow rate of phenyltrimethylsilane is 
set at 50 seem. A flow rate of oxygen is set 100 seem. A pressure is set 0.1 
Torr. A high frequency power of 500W is applied to the top electrode 22. 
The substrate temperature is maintained at SOO'C. 

As a result of the above plasma chemical vapor deposition, the 
silica inter-layer insulator including the beniene nucleuses is formed over 
the substrate. Since the conditions for this plasma chemical vapor 
deposition method are the same as in the first embodiment to obtain the 
porous silica inter-layer insulator 4b having a carbon content of about 
30at% and ja dielectric constant of £ r =3, then the silica inter-layer insulator 
which is formed in this embodiment is also expected to have a carbon 
content of about 30at% and a dielectric constant of £ r =3, 

Following to the above plasma chemical vapor deposition of the 
silica inter-layer insulator including the benzene nucleuses, the silica inter- 
layer insulator is then subjected to a heat treatment or an anneal in a 
vacuum for causing an elimination reaction of benzene nucleuses from the 
silica inter-layeir insulator. The temperature is increased with monitoring 
components eliminated from the silica inter-layer insulator. It was 
confirmed that the elimination reaction of benzene nucleuses from the 
silica inter-layer insulator is initiated at a temperature of about 450*C. In 
this embodiment, the temperature was increased to and kept at 500*C so 
_that only benzene nucleuses are selectively eliminated from the silica inter- 
layer insulator but no elimination of other components than benzene 
nucleuses j&rom the silica inter-layer insulator could be observed. The 
selective elimination of the benzene nucleuses from the silica inter-layer 
insulator results in formation of a porous silica inter-layer insulator 4b. 
Namely, the porous silica inter-layer insulator 4b includes many pores 
which have been formed by the elimination of the benzene nucleuses from 
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the silica inter-layer insulator. 

A measurement of a dielectric constant of the porous silica inter- 
layer insulator 4b was made. It was confirmed that the porous silica inter- 
layer insulator 4b including many pores has a dielectric constant of s r =s 2.5 
which is lower than the silica inter-layer insulator having the benzene 
nucleuses. This means that the elimination of the benzene nucleuses from 
the silica inter-layer insulator to form the many pores in the silica inter- 
layer insulator results in a further reduction in dielectric constant of the 
silica inter-layer insulator 4b. A density of the porous silica inter-layer 
insulator 4b is lower than a density of the silica inter-layer insulator 
including the benzene nucleuses- It may be considered that the reduction in 
density of the porouis silica inter-layer insulator 4b results in drop of the 
dielectric constant thereof. The elimination of benzene nucleuses ftom the 
silica inter-layer insulator to form the porous silica inter-layer insulator 4b 
results in the reductions in dielectric constant and density of the silica inter- 
layer insulator. It was confirmed that properties other than density, 
dielectric constant and refractive index of the porous silica inter-layer 
insulator 4b substantially remain unchanged by the elimination of benzene 
nucleuses. It was further confirmed that the properties of the porous siUcii 
inter-layer instilator 4b formed by the elimination of the benzene nucleuses 
also remain unchanged by a heat treatment of at least not higher than 
600*0. 

The thickness of the porous silica iuter-layer insulator 4b is about 
1.5 micrometers. Even an aspect ratio of the aperture between the adjacent 
two of the first level interconnection layers 3 is about 3-4, the porous silica 
inter-layer insulator 4b could be buried into the aperture between the 
adjacent two of the first level interconnection layers 3 without formation of 
any voids. It may be considered that the inclusion of the pores in the silica 
iater-layer insulator allows the porous silica inter-layer insulator 4b to be 
buried into the B^perture of relatively high aspect ratio. Namely, the porous 
silica inter-iayer insulator has a good gap filling property. 

The above porous silica inter-layer insulator 4b has an upper 
surface which has almost the same difference in level as the thickness of 
the first level interconnection layers 3. 

With reference to FIG. 7E, a planarization of the uneven upper 
surface of the above porous sUica inter-layer insulator 4b is made by use of 
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a chemical mechanical polishing method, wheiein alkaline slurry is used. 

The above porous silica inter-layei insulator 4b is polished by about 1 

micrometers so as to obtain an exactly planarized upper surface of the 

porous silica inter-layer insulator 4b, 

With reference to FIG. 7F, a photo-resist film is entirely applied 
on the exactly planarized upper surface of the porous siKca inter-layer 
insulator 4b for subsequent patterning thereof by use of a photo-lithography 
technique to form a photo-resist pattern. The photo-resist pattern is used as 
a mask for a dry etching process using CF4 gas in order to form via holes in 
the above silica inter-layer insulator 4b and over the first level 
interconnection layers 3. 

With reference to FIG. 7G, a selective chemical vapor deposition 
of tungsten layer is carried out to have tungsten via plugs 5 buried within 
the via holes. 

With reference to FIG. 7H, an Al-Si-Cu alloy layer is entirely 
deposited over the above silica inter-layer insulator 4b and the tungsten via 
plugs 5 by a sputtering method so that the Al-Si-Cu alloy layer has a 
thickness of 0.7 micrometers. The Al-Si-Cu alloy layer is then patterned by 
a phbto-lithography technique to form second level interconnection layers 6 
over the above porous silica inter-layer iiisulator 4b and the tungsten via 
plugs 5, wherein the second level interconnection layers 6 are in contact 
with the timgsten via plugs 5 so that the second level interconnection layers 
6 are electrically connected through the tungsten via plugs 5 to the first 
level interconnection layers 3. 

As describe above, the above porous silica inter-layer insulator 
4b has a good gap filling property which allows the silica inter-layer 
insulator 4b to be buried into the aperture of relatively high aspect ratio 
between adjacent two of the first level interconnection layers 3. 

Further, the above porous silica inter-layer insulator 4b has a 
good adhesion with both the firstjind second level interconnection layers 3 
and 6. 

Since the porous silica inter-layer insulator 4b has a low 
dielectric constant, then such the porous silica inter-layer insulator 4b 
makes the semiconductor device free from conventional serious problem 
with substantive delay in signal transmission on the interconnections due to 
a large parasitic capacitance between the interconnections and with 
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crosstalk of signals on the adjacent two interconnections. 

In this embodiment, the plasma chemical vapor deposition was 
carried out by use of the parallel-plate plasma chemical vapor deposition 
apparatus. Notwithstanding, any other plasma chemical vapor deposition 
methods are also available. For example, it was confirmed that, for forming 
the silica film including the benzene nucleuses by use of 
phenyltrimethylsilane, there are available an electron cyclotron resonance 
plasma chemical vapor deposition method, a helicon wave plasma chemical 
vapor deposition method, and an inductive coupled plasma chemical vapor 
deposition method. 

As a modification to this embodiment, it is possible to carry out 
the armeal in an inert gas atmosphere such as an argon atmosphere or a 
nitrogen atmosphere, instead of the vacuimi, for the elimination of the 
benzene nucleuses. 

As a further modification to this embodiment, it is also possible 
to use phenyltrimethoxysilane, instead of phenyltrimethylsilane, as the 
benzene nucleus source material. In place of the organic, polymers having 
the benzene nucleus with a bonding structure of silicon with benzene 
nucleus such as phenyltrimethoxysilane and phenyltrimet^^^ it is 

also possible to iise, along with the silicon source gas, other organic 
polymers having the benzene nucleus free of a bonding structure of silicon 
with benzene nucleus, such as toluene, benzene, xylene, naphthalene, 
biphenyl and anthracene. 

As a furthermore modification to this embodiment, it is also 
possible to carry out a low pressure chemical vapor deposition method, 
instead of the plasma chemical vapor deposition. 

As moreover modification to this embodiment, it is also possible 
to remove the bexizene nucleuses from the silica film by use of a 
combustion reaction in an oxygen atmosphere instead of the above 
elimination reaction. 

FT P.VF.NTH KMRODTMRNT : 

An eleventh embodiment according to the present invention wiU 
be described in detail wherein there is provided a semiconductor device 
with a multi-level interconnection stmctuie which has a silica inter-layer 
insulator including benzene nucleuses with a reduced dielectric constant 
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formed by a chemical vapor deposition method. FIG. 8 is a fragmentary 
cross sectional elevation view illustrative of a semiconductor device with a 
multi-level interconnection structure which has a silica inter-layer insulator 
with a reduced dielectric constant. 

A silicon substrate 1 has an active region. An insulation layer 2 
made of phospho-silicate glass is provided which extends over the sUicon 
substrate 1. First level interconnection layers 3 are provided over the 
insulation layer 2, wherein the first level interconnection layers 3 are 
electrically connected to the active region of the silicon substrate through 
contact holes formed in the insulation layer 2. The first level 
interconnection layers 3 are made of Al-Si-Cu alloy. The first level 
interconnection layers 3 have a minimum width of 0.25 micrometers and a 
uniform thickness of 0.7 micrometers. Via plugs 5 made of tungsten are 
provided on the first level intercoimection layers 3. A silica inter-layer 
insulator 4c is provided over the insulation layer 2 except over the via plugs 
5 and the first level interconnection layers 3. The silica inter-layer insulator 
4c includes pores having been formed by elimination of benzene nucleuses 
. from the silica intei-layer insulator. The porous silica inter-layer insulator 
4c has a lower dielectric constant than a dielectric constant of the silica 
insulation including the benzene nucleuses. The porous silica inter-layer 
insulator 4c has a thickness of 0.5 micrometers. Second level 
interconnection layers 6 are provided over the porous silica inter-layer 
insulator 4c, wherein the second level interconnection layers 6 are 
electrically coimected to the first level interconnection layers 3 through the 
via plugs 5. The second level interconnection layers 6 are made of Al-Si-. 
Cu alloy. The second level interconnection layers 6 have a minimum width 
of 0.25 micrometers and a uniform thickness of 0.7 micrometers. 

A method of forming the above semiconductor device with the 
inulti-level interconnection structure which, has the silica inter-layer 
insulator including benzene nucleiises with a reduced dielectric constant 
will be described with reference to FIGS. 9A through 9H. 

With reference to FIG. 9A, a sUicon substrate 1 is prepared, 
which has an active region not illustrated. 

With reference to FIG. 9B, an insulation layer 2 made of 
phospho-silicate glass is formed over the silicon substrate 1 by the known 
method. Contact holes not illustrated are formed in the insulation layer 2. 
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Contact metal layers ate then foimed within the contact holes. 

With reference to FIG. 9C, an Al-Si-Cu alloy layer is entirely 
deposited over the insulation layer 2 by a sputtering method so that the Al- 
Si-Cu alloy layer has a thickness of 0.7 micrometers. The Al-Si-Cu alloy 
layer is then patterned by a photo-lithography technique to form first level 
interconnection layers 3 over the insulation layer 2, wherein the first level 
interconnection layers 3 are in contact with the contact metal layers so that 
the first level mterconnection layers 3 are electrically connected through 
the contact metal layers to the silicon substrate 1. 

W^th reference to FIG. 9D, a porous silica inter-layer insulator 4c 
including pores is entirely deposited over the insulation layer 2 and the first 
level interconnection layers 3 by the same plasma chemical vapor 
deposition method as used in the seventh embodiment. The same parallel- 
plate plasma chemical vapor deposition system as used in the seventh 
embodiment is also used in this embodiment. Detailed descriptions thereof 
will be omitted. 

In this embodiment, phenyltrimethylsilane and oxygen axe used 
as source gases for formation of a porous silica inter -layer insulator 4c by a 
plasiria chemical vapor deposition method. The individual source gases are 
subjected to flow rate controls by a ihass flow cdhtroller not illustrated for 
subsequent introductions thereof through the source gas introduction 
system 26 into the reaction chamber 21. Phenyltrimethylsilane has a 
bonding structure of silicon to benzene nucleus. Phenyltrimethylsilane is 
reacted with an oxidant to form a porous silica inter-layer insulator 4c 
including- benzene nucleuses. Phenyltrimethylsilane is in a liquid state at 
room temperature. Phenyltrimethylsilane has a boiling point of 169°C. 
Phenyltrimethylsilane in liquid state is first fdled in a stainless cylinder for 
vacuuming the stainless cylinder and subsequent heating the stainless 
cylinder up to about lOOp, The source gas introduction system 26 
including the mass flow controller and the reaction chamber 21 are also 
heated for prevention of condensation of phenyltrimethylsilatic so as to 
allow phenyltrimethylsilane in gas state to be fed through the source gas 
introduction system 26 into the reaction chamber 21. Oxygen is also fed 
through the source gas introduction system 26 into the reaction chamber 
21. 

The parallel-plate plasma chemical vapor deposition is carried 



Page 63 



Pf-2083/nec/us/xnh 



out under the foUowing conditions. A flow rate of phenyltrimethylsilane is 
set at 50 seem. A flow rate of oxygen is set 100 seem. A pressure is set 0.1 
Ton. A high frequency power of 500W is applied to the top electrode 22. 
The substrate temperature is maintained at 500*0 so as to cause the 
elirniriatibn reaction of the benzene nucleuses in the chemical vapor 
deposition process. As described above in the seventh embodiment, the 
elimination reaction of the benzene nucleuses from the silica inter-layer 
insulator is initiated at ASOX:. The chemical vapor deposition by keeping 
the substrate temperature at about 500*0 causes the selective elimination 
reaction of the benzene nucleuses without any further elimination of other 
components than benzene nudeuses. 

As a result of the above plasma chemical vapor deposition, the 
porous silica intef-layer insvilator 4c is formed over the substrate. 

A measurement of a dielectric constant of the porous silica inter- 
layer insulator 4c was made. It was confirmed that the porous silica inter- 
layer iasulator 4c including many pores has a dielectric constant of e r = 2.5 
which is lower than the porous silica inter-layer insulators having the 
benzene nucleuses formed in the foregoing embodiments. This means that 
the elimination of the benzene nucleuses to form the maiiy pores in the 
porous silica inter-layer insulator 4b results in a further reduction in 
dielectric constant of the porous silica inter-layer insulator 4c. A density of 
the porous silica inter-layer insulator 4c is lower than a density of the silica 
inter-layer insulator including the benzene nucleuses. It may be considered 
that the reduction in density of the porous silica inter-layer insulator 4c 
results in drop of the dielectric constant thereof. The elimination of 
benzene nucleuses at the same time when the porous silica inter-layer 
insulator 4c is formed by the chemical vapor deposition results in the 
reductions in dielectric constant and density of the porous silica inter-layer 
insulator 4c. It was confirmed that the properties of the porous silica inter- 
layer insulator 4c formed by the elimination of the benzene nucleuses 
during the chemical vapor deposition also remain unchanged by a heat 
treatment of at least not higher than 6000. 

The thickness of the porous silica inter-layer insulator 4c is about 
1.5 micrometers. Even an aspect ratio of the aperture between the adjacent 
two of the first level interconnection layers 3 is about 3-4, the porous silica 
inter-layer insulator 4e could be buried into the aperture between the 
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adjacent two of the first level interconnection layers 3 without formation of 
any voids. It may be considered that the inclusion of the pores in the siUca 
inter-layer insulator allows the porous silica inter-layer insulator 4c to be 
buried into the aperture/of relatively high aspect ratio. Namely, the porous 
silica inter-layer insulator has a good gap filling property 

The above porous silica inter-layer insulator 4c has an upper 
surface which has almost the same difference in level as the thickness of 
the first level interconnection layers 3 . 

'VS^th reference to FIG. 9E, a planarization of the uneven upper 
surface of the above porous silica inter-layer insulator 4c is made by use of 
a chemical mechanical polishing method, wherein alkaline slurry is used. 
The above porous silica inter-layer insulator 4c is polished by about 1 
micrometers so as to obtain an exactly planarized upper surface of the 
porous silica inter-layer insulator 4c. 

With reference to FIG. 9F, a photo-resist film is entirely applied 
on the exactly planarized upper surface of the pt>rous silica inter-layer 
insulator 4c for subsequent patterning thereof by use of a. photo-lithography 
technique to f oral a photo-resist pattern. The photo-resist pattern is used as 
a mask for a dry etching process using CF4 gas in brdejr to form via holes in 
the above Silica inter-layer insulator 4c and ov6r the first level 
interconnection layers 3. 

With reference to FIG. 9G, a selective chemical vapor deposition 
of tungsten layer is carried out to have tungsten via plugs 5 buried within 
the via holes. 

With reference to-FIG. 9H, an Al-Si-Cu alloy layer is entirely 
deposited over the above silica inter-layer insulator 4c and the tungsten via 
plugs 5 by a sputtering method so that the Al-Si-Cu alloy layer has a 
thickness of 0.7 micrometers. The Al-Si-Cu alloy layer is then patterned by 
a photo-lithography technique to form second level interconnection layers 6 
over the above poroi^ silica inter-layer insulator 4c and the tungsten via 
plugs STwherein the second level interconnection layers 6 are in contact 
with the tungsten via plugs 5 so that the second level intercoimection layers 
6 are electrically connected through the tungsten via plugs 5 to the first 
level interconnection layers 3. 

As describe above, the above porous sQica inter-layer insulator 
4c has a good gap filling property which allows the silica inter-layer 
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insulator 4c to be buried, into the aperture of relatively high aspect ratio 
between adjacent two of the first level interconnection layers 3. 

Further, the above porous silica inter-layer insulator 4c has a 
good adhesion with both the first and second level interconnection layers 3 
iand 6. 

Since the porous silica inter-layer insulator 4c has a low 
dielectric constant, then such the porous silica inter-layer insulator 4c 
makes the semiconductor device free from conventional serious problem 
with substantive delay in signal transmission on the interconnections due to 
a large parasitic capacitance between the intercoimections and with 
crosstalk of signals on the adjacent two interconnections. 

In this embodiment, the plasma chemical vapor deposition was 
carried out by use of the parallel-plate plasma chemical vapor deposition 
apparatus. Notwithstanding, any othcir plasma chemical vapor deposition 
methods are also available. For example, it was confirmed that, for forming 
the silica film including the benzene nucleuses by use of 
phenyltrimethylsilane, there are available an electron cyclotron resonance 
plasma chemical yapor deposition method, a helicon wave plasma chemical 
vapor deposition method, and an inductive coupled plasma chemical vapor 
deposition iiiethod. 

As a modification to this embodiment, it is also possible to use 
phenyltrimethoxysilane, instead of phenyltrimethylsilane, as the benzene 
nucleus source material. In place of the organic polymers having the 
benzene nucleus with a bonding stmcture of silicon with benzene nucleus 
such as phenyltrimethoxysilane and phenyltrimethylsilane, it is also 
possible to use, along with the silicon so\irce gas, other organic polymers 
having the benzene nucleus free of a bonding structure of silicon with 
benzene nucleus, such as toluene, benzene, xylene, naphthalene, biphenyl 
and anthracene. 

As a further modification to this embodiment, it is also possible 
to carry out a low pressure chemical vapor deposition method, instead of 
the plasma chemical vapor deposition. 

Whereas modifications of the present invention will be apparent 
to a person having ordinary skill in the art, to which the invention pertains, 
it is to be understood that embodiments as shown and described by way of 
illustrations are by no means intended to be considered in a limiting sense. 

Page 66 



Pf-2083/nec/us/inh 



Accordingly, it is to be intended to cover by claims aU modifications which 
fall within the spirit and scope of the present invention. 
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